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ABSTRACT 
In this work, we explore the uses of fluorination in the context of π-conjugated polymers. Using 
extensively studied model systems such as poly(3-hexylthiophene) (P3HT) and poly(2,5-bis(3-
alkylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT), we are able to probe the influence of thiophene 
fluorination on the electronic structure and thin-film morphology, two defining aspects of organic 
semiconductor performance in electronic devices such as organic field effect transistors (OFET). 
Experimental data obtained from Ultraviolet photoelectron, UV-Visible and Raman spectroscopy 
along with differential scanning calorimetry, atomic force microscopy and X-ray diffraction suggest 
that fluorination leads to a stabilisation of the frontier molecular orbital levels and increased backbone 
planarity. The latter manifest itself as an enhanced propensity to aggregate and much higher melting 
point. Hole carrier mobilities in OFET devices are considerably enhanced in the backbone-fluorinated 
polymers, an observation attributed to the increased planarity of the polymer backbone. 
Computational calculations also predict an increased backbone rigidity and a strong preference for the 
coplanar arrangement of fluorinated thiophene rings. The origins of such planarisation are thought to 
be intramolecular in nature, likely from sulfur-fluorine inter-ring interactions as evidenced by S-F 
short contacts observed in the single crystal X-ray structure of a bithiophene monomer precursor. 
By synthesising well-defined diblock and alternating copolymers, backbone fluorination is then 
explored as a potential tool to control phase separation and dielectric constants, two key factors 
involved in the context of organic photovoltaic (OPV) devices.  
The utility of fluorine atoms as a good leaving-group in nucleophilic aromatic displacements on 
electron-poor aromatic systems is then used to produce a P3HT derivative end-capped with 
pentafluorobenzene. This polymer can then be reacted with good nucleophiles in mild conditions. As 
a proof of concept, three functional moieties are tethered to the P3HT derivative in this manner, 
opening the door towards sensing applications and hybrid organic/inorganic semiconductor interface 
engineering. 
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1.1  ORGANIC SEMICONDUCTORS 
With the ever-increasing global demand for electronic devices and diversification of these 
devices, the mechanical, electrical and economical requirements for their components have 
also evolved. The quest for new semiconductors that can effectively match these demands is 
ongoing, with many classes of materials emerging in the last decades that range from fully 
inorganic to fully organic in nature. For some applications, organic semiconductors offer 
many advantages over their inorganic counterparts. In particular, producing flexible 
electronic devices such as sensors, displays, lighting, and photovoltaic modules clearly 
requires flexible components, a property where the typically brittle inorganic semiconductors 
fall short. In contrast, organic semiconductors are flexible, lightweight, and are typically 
solution processable, opening the door for ink-formulation and high-throughput roll-to-roll 
printing.1–5 The energetic costs of producing devices based on organic semiconductors are 
low, as are initial capital costs involved when compared to the rigorous clean-room 
conditions usually needed for inorganic counterparts. For example, organic photovoltaics 
(OPVs) have been shown to have very low energy payback time even in large-scale light 
harvesting applications such as solar parks.6 Through variations in the chemical structure, 
optical and electronic properties of organic semiconductors can also be tailored to match the 
requirements of the device being produced.  
To date, academic research has principally focused on the synthesis and optimisation of novel 
conjugated organic materials to be used in OPVs,7,8 organic field effect transistors (OFETs),9–
12 organic light-emitting diodes (OLEDs),13,14 and sensors.15–17 Organic molecules and 
polymers require conjugated moieties in order to exhibit semiconducting behaviour such as 
charge transport under applied bias and light absorption. Conjugation, formally recognised as 
alternating single and double bonds, when extended across many atoms leads to a 
delocalisation of the molecular orbitals.18 Conjugated organic molecules and polymers are 
able to accommodate and transport charges under applied bias both intramolecularly through 
the delocalisation of molecular orbitals, but also intermolecularly through charge hopping 
and charge transfer.8,19–21  
Polycyclic aromatic heterocycles (PAHs), also known as conjugated small-molecules, can be 
particularly effective at transporting charges due to their propensity to form aggregates and 
crystals.12,22,23 Each molecule is in close proximity within these crystallites, allowing for 
electronic coupling and thereby facilitating charge hopping and charge transport. However, 
Introduction 
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subtle changes in the chemical structure often engenders significant changes in the crystal 
packing motifs, and therefore changes in the molecular orbital overlap.24–26 Although PAHs 
have a major advantage over polymeric counterparts due to their high batch-to-batch 
reproducibility, the high crystallinity of PAHs can lead to low solubility and brittle films, 
which is problematic for certain applications. While approaches to tether PAHs to non-
conjugated, flexible polymeric scaffolds via sidechains have been investigated in an effort to 
improve molecular malleability, the use of polymers where the backbone itself is conjugated 
has been much more popular.27 The prospect of exploiting the much greater conjugation 
lengths achievable with conjugated polymers has been a major motivation factor for 
developing new organic semiconductors, as charge transport along the conjugation pathway 
is thought to be faster than hopping mechanisms.23 The advantageous mechanical properties 
of polymers for ink formulation bear a significant weight in the field of printable electronics, 
and arguably offset the potential disadvantages of added complexity and lower batch-to-batch 
reproducibility when comparing to PAHs.  
1.2  PRINCIPLES OF CONJUGATED SYSTEMS 
In order to behave and to be considered as a semiconductor, a material is required to have an 
electron-containing valence band, and a conduction band that is vacant. The bands must be 
energetically separated by a band-gap, where electron occupancy is not intrinsically possible. 
These electronic features are then exploited through doping and gating in order to achieve 
charge and/or photon generation and conduction, depending on the application.  
According to Hückel Theory, in a planar, symmetric system, increasing the number of carbon 
atoms connected by alternating single and double bonds (π-conjugation) eventually forms 
band-like structures, and when extended towards infinity these bands should converge to a 
continuous band of molecular orbitals, with degenerate highest occupied and lowest 
unoccupied molecular orbitals (HOMO and LUMO).23,28,29 However, Peierls distortion in 
these one-dimensional systems effectively leads to a partial localisation of the double bonds, 
and thus the HOMO and LUMO are non-degenerate. More complex extended π-conjugated 
systems reach a limit of effective conjugation due to disorder and non-ideal orbital overlap, 
thus producing the desired band-like structure, and allowing for semiconducting behaviour.30 
These discrete occupied and unoccupied molecular orbitals act as valence and conduction 
bands respectively, and are separated by a band-gap (See Figure 1-1).28  
Introduction 
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Figure 1-1 – Illustration of how increased π-conjugation leads to the formation of band-like structures and a 
narrowing of the highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) 
gap (Eg) in the exemplary system of poly(acetylene). Due to Peierls distortion and consequent localization of 
of double bonds, a minimum band-gap is present even at infinite conjugation. 
The first reported example of exploiting the conductivity of an organic π-conjugated system 
resulting from such band structures was by Heeger et al., when poly(acetylene) was doped 
with halogen vapours, a discovery that was later awarded the Nobel Prize in Chemistry.31 
Since this pioneering effort involving the simplest possible conjugated system, research in 
organic semiconductors has led to the discovery of a plethora of complex conjugated systems, 
integrating a variety of heteroatoms and heteroaromatic moieties in order to tailor the 
material properties to best match the potential applications (see Section 1.4  for more details 
concerning basic structure-property relationships).  
1.3  OPERATING PRINCIPLES OF DEVICES 
1.3.1 Organic Field-Effect Transistors 
Transistors are essential components of electronic devices, and at the simplest level act as 
switches and/or amplifiers. Three terminals or contacts are required for operating the device, 
as well as an insulator and a semiconductor. The advent of organic semiconductors and their 
ability to operate in thin-film transistors has opened the door for flexible electronics, and 
n
LUMO
HOMO
Eg
Increasing π-conjugation
∞
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extensive research in the past two decades has revealed that OFETs are an increasingly viable 
alternative to amorphous silicon in other devices.12  
 
Figure 1-2 – Cross-sectional representation of a bottom gate, bottom contact OFET device during stages of 
operation, alongside the corresponding output characteristics of the device. a) When no bias is applied to the 
gate electrode, no channel is formed. b) When the bias applied to the gate electrode (Vg) exceeds the 
threshold voltage (V th) a channel is formed, but no current passes through the device. c) A bias is applied 
between the source and drain contacts (VDS), and the source-drain current (ISD) increases linearly with VD S. 
Depletion of the channel is not sufficient to affect ISD. d) Channel depletion reaches pinch-off point, and 
current passing through the device reaches the maximum possible at the given Vg. e) IDS is now saturated, and 
independent of further VDS increase. Adapted from Sirringhaus et al.32 
The principle behind an OFET device is the ability to switch on and off the electrical current 
passing between two contacts through an organic semiconducting layer. When no external 
bias is applied, the device is in an “Off” state, where the semiconductor behaves as an 
insulator so no current can be transported between the two contacts (source and drain), even 
when a bias is applied between these. When an external bias is applied, typically via a third 
terminal (gate) separated from the organic semiconductor using an insulator, the organic 
semiconductor is effectively doped and becomes conducting, resulting in an “On” state. 
Higher bias applied to the gate and/or drain contacts results in higher currents, up to a 
maximum which is commonly referred to as saturation. Depending on the components and 
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the bias applied, a transistor can conduct current through holes (p-type), electrons (n-type) or 
both (ambipolar). Electrochemical sensors use the chemical environment as a gate, thus 
changes in chemical environment vary the gate voltage and therefore current flowing through 
the device. Several metrics are reported in the literature for comparing OFETs:33 
• Mobility (μ): reported in cm2 V-1 s-1, usually extracted from the slope of the square 
root of source-drain current (ISD) versus gate voltage (VG), when in the saturated 
regime.12 Mobility is perhaps the most important metric, as it gives an indication of 
how quickly charges can be transported through the device, and therefore how rapidly 
the transistor can switch on and off. Certain applications require fast switching speeds, 
such as for OLED displays (>1 cm2 V-1 s-1),12 while others (e-readers, RFID tags) have 
lower mobility requirements. 
• On/off ratio: The ratio of current flowing between the source and drain when the 
device is in the on and off states. High on/off ratios are desired, in order to best 
achieve a switch-like behaviour. 
• Threshold Voltage (VT): Usually taken as the x-intercept of the slope of the ISD1/2/VG 
curve, and is the minimum VG required to induce a conducting channel.34 A low VT is 
desirable for most applications that would benefit from OFET (portable, flexible 
devices), as they typically have low power sources. Shifts in VT can give information 
about trap states and stability of OFET devices.  
 
Figure 1-3 – Typical transfer characteristics of a OFET device under operation in the saturated regime. ISD 
increases sharply when Vg > V th, Charge carrier mobility is derived from the slope of ISD1/2 curve. 
Other information can also be of importance, such as the off-current (Ioff) and contact 
resistance (RC), and all give further information on the behaviour of the OFET as a device.33 
High Ioff indicates current is passing from the semiconductor to the gate through the dielectric, 
LogISD
Vg
Ion
Ioff
Vth
ISD
1/2
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a phenomenon referred to as leakage current. A high RC indicates a large barrier to injection 
between the semiconductor and the source and drain contacts, thus limiting the on current 
(Ion) and switching speed.23 It is important to note that the performance of OFETs, although 
intrinsically dependent on the semiconductor, is also heavily affected by device architecture 
and selection of contact and dielectric materials, as well as the use of self-assembled 
monolayers (SAMs) and processing conditions.  
PAH semiconductors can be introduced into a transistor in a variety of different ways, such 
as solution deposition (spin coating, drop casting, solution shearing), vapour deposition, or as 
a single crystal. Conjugated polymers on the other hand are restricted to solution-based 
deposition techniques, although there have been examples of high-performance OFET 
devices constructed from polymer thin films pre-assembled in a Langmuir-Blodgett film.35 
 
Figure 1-4 – Figure adapted from Klauk.36 Charge transport pathways at a) low temperature, b) medium 
temperature, c) high temperature and d) high temperatures with conduction bands available. a) When thermal 
energy kT is much smaller than energy differences between states, all hopping is equally unlikely in energetic 
terms, so hopping occurs to the nearest neighbour as it is the least unlikely. b) at medium temperatures, kT 
allows some states to become thermally accessible (shaded grey), so hopping is now not limited to nearest 
neighbours. c) at high temperatures, a wider range of states are thermally accessible. d) In materials that have 
some degree of crystallinity and therefore band-like behaviour, high temperatures can allow these band 
transport states to become accessible. Charges are then transported along this delocalised state until it reaches 
a trap in the form of localisation (eg. grain boundary). 
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Organic semiconductors typically transport charges through two pathways. Extensively 
delocalised states, when available, provide fast charge transport characteristics similar to 
band-like behaviour.36 When the electronic states become more localised, hopping 
mechanisms (often described by Marcus Theory) begin to dominate. Fundamentally, high 
electronic coupling must exist throughout the molecular or polymeric backbone 
(intramolecular) as well as between molecules or polymer segments (intermolecular).22,26,36 
Another requirement for efficient charge transport is order. Large amounts of disorder at the 
molecular level leads to a widely disordered energetic landscape of the semiconductor as well 
as in the levels of electronic coupling. Nevertheless, charge carrier mobility is still achievable 
with some degree of disorder. Since rates of charge hopping are inversely proportional to 
distance and energy differences between states, a variety of charge transport mechanisms are 
possible (See Figure 1-4). Consequently, although charges present in the semiconductor may 
be temporarily localised due to the varying energetic profile, hopping to nearby states is still 
attainable, as is hopping through thermal activation.36 Due to the Marcus-like behaviour of 
charge hopping, in addition to requiring large electronic coupling and a narrow energetic 
profile, low reorganisation energies are desired in order to increase the probability of charge 
hopping. These three major parameters are primarily intrinsic to the semiconducting material, 
but also dependent on its processing conditions and the resulting microstructure of the film. 
Despite these criteria being known, designing organic semiconductors that can fulfil all of 
these criteria simultaneously remains a significant challenge due to the difficulties in 
controlling these properties over length scales of 10s of microns.  
1.3.2 Organic Photovoltaics 
Another key application of organic semiconductors is in the active layer of photovoltaic 
devices. As was first demonstrated by C. W. Tang and coworkers as early as 1975, the 
intrinsic band gap of a conjugated molecule can be used in order to absorb incoming photons, 
and when the thin-film of such molecules is layered between two electrodes of different work 
functions and placed under bias, photocurrent can be extracted.37–39 The poor efficiency of 
such devices rapidly led to two-component active layers, where the energetic offsets between 
donor and acceptor components were used to separate the Coulombically-bound electron-
hole pair (exciton) that is generated in organic semiconductors upon light illumination.40–42 
Although significant improvements were made with such devices, the requirement for the 
excitons to diffuse to a donor-acceptor interface in order to generate free charge carriers, 
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coupled with the inherently short lifetime and diffusion lengths of these excitons in organic 
semiconductors meant high recombination rates and limited photocurrent were observed.40,41  
The scientific community’s answer to this was the bulk-heterojunction (BHJ), where rather 
than layering the donor and acceptor components, these are blended and co-deposited. Ideally, 
an interpenetrating network with domain sizes of the order of the exciton diffusion length (5-
10 nm) is formed, with direct charge percolation pathways to the electrodes.43–46 The result is 
a more efficient system, but also much more complex and difficult to predict and tailor. 
Miscibility of the components, their propensity to aggregate, and vertical phase separation all 
play a role in defining the morphology of the BHJ active layer, and are determined not only 
by the nature of the donor and acceptor but also by processing conditions such as solvent 
choice and additives, thermal and solvent annealing, and surface treatment.7,8 In addition to 
requiring optimal morphology, the energetic landscape must also be appropriate to ensure 
charge generation and avoid recombination pathways.47 
Material selection and design, both of the donor and acceptor, is therefore of paramount 
importance. As is the case for OFET, both small molecules and polymers have been 
successfully used in OPV through various combinations of donor and acceptor. The donor 
has to date typically been the major light-harvesting component of the BHJ, and perhaps 
owing to the early successes of poly(phenylenevinylene) (PPV) and poly(3-hexylthiophene) 
(P3HT), conjugated polymers have been the first choice. Conversely, fullerenes have enjoyed 
vast amounts of success, and are by far the most common class of acceptor materials used, 
owing to their optimal characteristics of mixing and crystallisation with donors, but also low-
lying excited states in their anions.48,49 Polymer-polymer and all small molecule active layers 
on the other hand are rarer in the literature, likely since controlling the phase separation and 
morphology appears to be more problematic. Recent efforts to move away from fullerene 
derivatives which, in addition to being expensive to produce, have energy levels that are 
difficult to tailor as well as low oscillator strengths and narrow absorption profiles, have led 
to significant improvements in the performances of BHJs based on combinations other than 
polymer/fullerene.8 
Therefore, an ideal active layer comprises of optimally distributed donor and acceptor 
components with strong and complimentary absorption in order to harvest large portions of 
the solar spectrum.8 An appropriate energetic offset between the donor and acceptor lowest 
unoccupied molecular orbitals (LUMOs) is necessary to drive electron transfer, and 
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maximising the offset between the highest occupied molecular orbital (HOMO) in the donor 
and the LUMO of the acceptor is also desirable for enhanced open circuit voltage. Further 
key factors influenced by this choice include (but are not limited to): the quality of the 
interface made with the electrodes or interlayers (both morphologically and energetically 
speaking), charge carrier mobility, dielectric constant, solubility, and environmental and 
thermal stability. These properties are fundamentally determined by the chemical structures 
and features of the donor and acceptor chosen, and the added complexity of multi-component 
systems makes developing a structure-property relationship even more challenging than for 
OFET materials. 
1.4  TAILORING ORGANIC SEMICONDUCTORS 
The ability to tailor semiconductors to the requirements of the application is a particularly 
alluring prospect. Organic semiconductors enjoy great popularity in that respect as tuning 
energy levels, absorption profiles, solid-state behaviour and solubility are all within the reach 
of the synthetic chemist.  
1.4.1 Energy Level Control 
Appropriate energy levels are arguably the most crucial feature for an organic semiconductor. 
In the vast majority of applications of plastic electronics the ionisation potential (IP) of the 
hole transporting material and electron affinity (EA) of the electron transporting material 
must be carefully matched to the electrode or contact materials chosen in order to ensure 
efficient charge injection or collection to and from the active layer to the external circuit. The 
HOMO of the semiconductor is often representative of the IP, while the LUMO typically 
represents the EA. Various experimental techniques can be used to probe these energy levels 
and the results and exact values will change depending on the method used. Photoelectron 
spectroscopy in air (PESA), cyclic voltammetry (CV), and ultraviolet photoemission 
spectroscopy (UPS) are the main tools for measuring the IP. EA measurements are usually 
more difficult to obtain, especially in materials that have relatively high energy levels (eg. 
hole transporting materials), since the reduced species tend to be unstable. Methods of 
measuring electron affinity in the literature are therefore more varied. CV, when reversible 
reductions are possible, is the most commonly encountered method. The optical band-gap (Eg 
- extrapolated from the absorption onset) can also be added onto the IP for an approximation 
of the EA. It is worth noting that because this method relies on the optical absorption and 
therefore exciton binding energy (Eb), it typically overestimates the EA as a result. Inverse 
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photoelectron spectroscopy (IPES) and electron attachment spectroscopy (EAS) are other 
methods that can be used to directly measure the EA.50  
 
Figure 1-5 – Basic energy level transitions associated with highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO) levels of conjugated systems. 
Multiple structural features determine the energy levels of the organic semiconductor. The 
degree of conjugation, nature and substitution pattern of the side-chains, aromatic ring size 
and its electronic content, presence of heteroatoms, all have a direct or indirect impact on the 
energy levels.  
Narrowing the HOMO-LUMO gap increases the amount of photons absorbed by the material, 
and is therefore a key aspect of designing materials for OPV. As mentioned in Section 1.2 , 
extending the conjugation leads to such a narrowing through a raising of the HOMO level, 
and lowering of the LUMO level. Conjugation is extended through planarisation of the 
conjugated system, and stronger π-orbital overlap. Synthetically speaking, this is achieved 
through the choice of π-systems that can be linked together without significant twisting due 
to steric hindrance, or that show planarising intramolecular interactions.51 Designing units 
that undergo intramolecular charge transfer (ICT) is another popular approach to dramatically 
decrease the Eg.8,52 In this method, an electron-rich conjugated system is linked to an electron-
poor system, and hybridisation results in the energy levels of the HOMO and LUMO being 
dominated by the electron-rich and electron-poor units, respectively. This class of organic 
semiconductors is often confusingly referred to as donor-acceptor, and although they can 
serve as donor and sometimes acceptors in the active layer, the donor-acceptor naming is 
unrelated to the donor and acceptor descriptors used for the active layer components in OPV. 
Using this donor-acceptor (or push-pull) approach, absorption of photons as low in energy as 
near infra-red (NIR) is possible, and is therefore an attractive molecular design technique in 
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OPV for efficient absorption of the solar spectrum.8,51,52 Heavy atom substitution has also 
been put forward as a tool for lowering the band gap of conjugated materials through the use 
of increased aggregation, though the origins of such interactions are less clear.53–56 
 
The HOMO and LUMO levels of conjugated moieties are directly influenced by its electronic 
content, so adding or withdrawing electron density from these conjugated systems using 
substituents and heteroatoms can be a useful tool for energy level manipulation (see Figure 
1-6). The degree of influence a substituent has on the electronics of the repeat unit or PAH 
depends on whether it is also conjugated with the system. Strongly donating (eg. amino, 
alkoxy) or withdrawing (eg. cyano, nitro, acyl, ketone) substituents are usually mesomeric 
(resonance) contributors, whereas inductive substituents (alkyl for donating; halides and 
perfluoroalkyl for withdrawing) have a weaker influence.57–60 Certain substituents behave as 
both inductive and mesomeric contributors, and can even have opposing effects. For example, 
alkoxy substituents are inductively withdrawing due to the high electronegativity of oxygen, 
but mesomerically donating due to the lone-pair of electrons available for donation into 
conjugation.61 Typically in the case of alkoxy groups, the donation of electrons is stronger 
than the inductive effect and the net result is a reduction in the ionisation potential. Evidence 
of both mesomeric donation and inductive withdrawal of electron density has also been 
reported for backbone fluorinated polymers and acenes.57,62,63 
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Figure 1-6 – Influence of nature of withdrawing/donating substituents on the frontier molecular orbitals. 
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Varying the atoms in conjugation is another widely used method to alter and tailor the energy 
levels.10,11,55,64 Replacing an sp2 hybridised carbon atom with a nitrogen atom in an aromatic 
ring results in a concomitant stabilisation of both the HOMO and LUMO due to the high 
electronegativity of nitrogen. This tool has been used extensively to change the energy 
profiles of thiophene,65 thienothiophene,66–68 naphthalene,69 benzene,70 and many other 
heteroaromatic rings8,52 into their corresponding aza-derivatives. Heavy atom substitution 
through group 14 and 16 atoms is also a popular approach, though the effects on the HOMO 
and LUMO are vastly dependent on the system, and therefore difficult to predict.71–76 
1.4.2 Solid-State Control 
Both of the examples of extending conjugation outlined above tend to have considerable 
impact on the solid-state behaviour and packing of the organic semiconductor, an aspect that 
is also of importance in most applications. Indeed, planarisation of the conjugated backbone 
tends to promote intermolecular π-π interactions, and therefore aggregation.10,77 Without 
sufficient solubilising features, planarised organic semiconductors suffer from low 
solubilities and become difficult to solution process. Donor-acceptor type semiconductors 
also tend to exhibit very strong aggregation, as in addition to often having planar units and 
therefore strong π-π interactions, the dipoles that are inherently present in a push-pull system 
further strengthen this aggregation.10  
There are multiple ways that synthetic chemists achieve planarisation and are able to control 
the aggregation behaviour of conjugated systems.  
Fusing and extending aromatic systems is a very popular method to ensure coplanarity in the 
conjugated system and maximise π-delocalisation, but it also has a substantial impact on the 
intermolecular π-interactions and aggregation.10 Most aryl-aryl linkages exhibit an inherent 
twist due to steric hindrance between the substituents on the positions adjacent to the linking 
atoms, thus reducing the π-delocalisation and hindering π-stacking (see Figure 1-7).77 One 
approach to limit this effect is to reduce ring size, such as changing phenyl-phenyl links to 
phenyl-thiophene or thiophene-thiophene.10,77 Bridging the two aryl units with a non-
conjugated sp3 atom such as carbon, silicon or germanium is often employed as it both 
enforces co-planarity, but also allows for the integration of solubilising side-chains. The 
resulting moieties such as fluorene, indenofluorene, cyclopentadithiophene, 
indacenodithiophene tend to lead to increased carrier mobilities compared to their non-
bridged counterparts, and although the side-chains extend away from the conjugated 
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backbone due to the sp3-hybridised nature of the bridging atom, the expected hampering of π-
stacking is not observed.10,77–79 Introducing a small heteroatom that has a smaller size than C-
H can also help with backbone planarisation and this approach has been used to reduce the 
steric penalty associated with the C-H groups on benzenoid and thiophene rings by using 
pyridyl and thiazole moieties.8,80–82  
 
The inclusion and choice of heteroatom in aromatic systems can also significantly affect 
solid-state behaviour. Replacing the bridging atom (which is not involved in the aromaticity), 
can have a drastic effect. For example, in the commonly used cyclopentadithiophene repeat 
unit, replacing the central carbon atom with silicon and to a lesser degree germanium 
increases the size of the central 5-membered ring through longer C-X bonds, and reduces the 
C-X-C bond angle on the sp3 hybridised bridging atom.20 The result is that the alkyl chain 
density is pushed away from the polymer backbone, allowing closer π-π stacking distances 
and higher crystallinity.20,83–85 However, thorough computational calculations have illustrated 
that higher crystallinity and closer π-π distances, although useful as guidelines, do not 
necessarily correlate to more efficient charge transport since they may be accompanied with 
shifts in cofacial orientations and therefore less favourable transfer integrals.20  
Figure 1-7 – Common isoelectronic approaches used to planarise aryl-aryl linkages. Steric hindrance in 
phenyl-phenyl links leads to twisting. Ring contraction and substitution of sp2 C-H moieties with smaller 
isoelectronic heteroatoms reduces the steric hindrance and twisting, while ring bridging enforces co-
planarity. 
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Changing the chalcogen atom in heteroaromatic rings can also drastically affect the 
optoelectronic properties and solid state behaviour.64,86 Furans have been shown to increase 
rigidity and backbone planarity while enhancing fluorescence,76,87 but increasing the size of 
the chalcogen atom also tends to increase intermolecular interactions, an effect likely due to 
greater polarisability and Van der Waals interactions between chains.53,75 
Solubilising side-chains are an essential inclusion in a conjugated system if it is to be solution 
processable.27 Side-chains are usually branched or linear alkyl chains, but glycol chains,88–91 
perfluorinated chains92–95 and chains with ionic pendants96–99 have also been used. Alkyl side-
chain engineering has been the subject of much focus, and it is accepted that branched side-
chains drastically aid solubility, but due to their greater disorder also hinder aggregation.100–103 
Manipulation of the branching point has been a hugely successful method to find the optimal 
balance between solubility and aggregation necessary for each application.10,12,26,104,105 The 
length of the sidechain also not only influences the solubility, but can also impact the type of 
crystallisation behaviour of the conjugated molecule or polymer as side-chain polymorphism 
and interdigitaion comes into play.106–109 Glycol side-chains not only increase polymer 
solubility in polar solvents, making them more amenable to success in large-scale industrial 
use, but due to their greater flexibility and lower barrier to rotation glycol-functionalised 
conjugated polymers often exhibit shorter and enhanced π-π stacking distances.102,110–112  
Large, bulky end-groups on side-chains (eg. siloxanes) have also shown promise for altering 
the degree of order in high-performance OFET devices, though it was also accompanied with 
a change in the preferential backbone orientation relative to the substrate to which the 
increases in performance observed may also be attributed to.113,114 An approach to enhance π-
π interactions without sacrificing solubility that has recently garnered much interest is the 
inclusion of alkylated conjugated moieties as side-chains.115–118 The principle behind this 
design is the possibility of extending π-conjugation and promoting intermolecular π-π 
interactions in the solid-state while keeping the side-chain flexible and therefore soluble.27 
Finally, side-chain regiochemistry plays a crucial role in determining the backbone planarity, 
as bulky solubilising groups (or indeed other substituents) attached to positions adjacent or in 
close proximity to aryl-aryl links lead to an out-of-plane twisting of the aryl groups to 
minimise steric interactions.119,120 Extensive studies on polythiophene and its derivatives have 
outlined the importance of this on solid-state properties and thus device performance.9,121  
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Non-covalent interactions can also be a useful tool to influence aggregation. Using 
planarising interactions between the functionalities already present on the conjugated units 
avoids the synthetic complexity of introducing bridging atoms and fusing rings. Although the 
strength and in some cases validity of these effects are up to debate from a theoretical 
standpoint,122–125 there are numerous examples of experimental evidence that CH-N,126 O-
S,126–128 S-F,62,129,130 H-F,63,131 and H-O10,123,131 interactions may indeed be responsible for 
increased aggregation and π-π interactions via backbone planarisation. 
It is important to note that changes in the chemical structure of conjugated molecules and 
polymers will most often lead to alterations in both their solid-state behaviour and energetic 
profile, and it is unusual to observe changes in one without the other. 
1.5  POLYTHIOPHENE – THE BENCHMARK 
Thiophene has played a central role in the development of organic semiconductors for 
electronic applications, and most successful conjugated polymers and small molecules 
designed and synthesised to date contain a thiophene moiety. The versatility of thiophene in 
terms of functionalisation and the relative stability of thiophene derivatives means synthesis 
and purification of building blocks and intermediates is usually simple. Adding to this the 
fact that 5-membered rings allow for more effective conjugation (vide supra), a desirable 
feature in organic semiconductors, makes it therefore unsurprising that polythiophene and its 
derivatives have played such a key role in the development of the field.  
Over the past 20 years, poly(3-hexylthiophene) (P3HT), a soluble version of polythiophene, 
has settled as the benchmark organic semiconducting polymer, owing to its early promising 
device performance and simple and scalable synthesis.132–134 P3HT is a conjugated, 
semicrystalline polymer in which the crystallites assemble into lamellae that are also π-
stacked, thus providing a good interchain charge transport pathway.133 Charge transport in the 
amorphous regions present in the bulk are thought to be facilitated by higher molecular 
weight ‘tie’ chains which physically and electronically link the crystallites, and thus reduce 
the effect of possible grain boundary-like charge trapping.135 P3HT’s semicrystalline nature 
was also found to be beneficial for controlling the all-important phase behaviour in OPV 
when blended with fullerene acceptors such as PCBM.134 In addition to having an attractive 
solid-state behaviour, P3HT has useful energy level positions for hole transport, with the 
ionisation potential (ca. 4.9 eV) being close to the common hole injecting and collecting 
contacts used in plastic electronic applications.9  
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As is the case for most conjugated polymers, the properties of P3HT are largely influenced 
by the molecular weight and polydispersity. However, the asymmetric repeat unit adds an 
extra degree of complexity. Indeed, regioregularity (RR) plays a key role in dictating the 
electronic properties and solid-state behaviour of P3HT, as it affects the backbone 
planarity.9,17,136 The frequency of head-to-head linkages determines how twisted the 
conjugated backbone is, and therefore the extent of conjugation, position of energy levels, 
and propensity to aggregate. Early polymerisation techniques provided low control over these 
parameters (electrochemical polymerisation, oxidative polymerisation) and/or used sensitive 
catalysts (Yamamoto polymerisation with Ni(COD)2). Since the early 1990s, various 
synthetic approaches have been developed which allow good to excellent control over the RR 
and molecular weight distribution of P3HT.17 Arguably the most successful, the Grignard 
Metathesis (GRIM) polymersation (see Figure 1-8) has several advantages. The monomer is 
stable, easily synthesised and purified, unlike common palladium-based Stille and Suzuki 
coupling polymerisations. Reaction times are short, regioregularities are high, and thanks to 
the chain-growth like behaviour, molecular weights are controlled by catalyst loading. As a 
result of the well documented synthesis and facile monomer synthesis, the production of 
P3HT is easily scalable which makes it particularly attractive as a material for low-cost 
applications.137  
 
Figure 1-8 – Grignard Metathesis (GRIM) polymerisation method of P3HT synthesis (Top) which yields a 
highly regioregular Head-to-Tail polymer. Three possible thiophene-thiophene links due to the asymmetric 
monomer (Bottom). Head-to-Head links incur large twists in the polymer backbone due to steric hindrance.  
Despite enjoying much success, P3HT’s limitations in terms of performance and air-stability 
led to the development of a plethora of polythiophene derivatives. The main motivations 
behind these new materials were to develop symmetric monomers in order to avoid 
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regioregularity issues, increase air-stability, and decrease the alkyl chain density to decrease 
the insulating content of the polymer.9 Although the issues of regioregularity can somewhat 
be addressed by synthesising larger repeat units with the desired regiochemistry, this 
increases synthetic complexity and limits the scope in which the monomer can be used. The 
more popular approach was to therefore design symmetric repeat units that can be broken 
down into smaller monomers. Early successful examples included terthiophene and 
quaterthiophene repeat units synthesised by step-growth polymerisation of alternately 
alkylated bithiophene and/or thiophene monomers (see Figure 1-9). Symmetric repeat units 
and planar backbones were thus achieved, and alkyl chains could be included without leading 
to sterically induced twist of head-to-head linkages thanks to the thiophene (or bithiophene) 
units acting as spacers.138–140 As a result of this, the performance of these polymers in OFET 
devices generally show marked improvements over P3HT, but the influence of 
regiochemistry and self-assembly on OPV performance is more system-specific and any 
improvements are modest.138 Oxidative stability of these materials does however show 
significant improvements over P3HT, owing to the lower density of inductively donating 
alkyl side-chains per thiophene, and therefore increased ionisation potential (ca. 5.1 
eV).9,138,139,141 These polythiophene derivatives, depending on the regiochemistry of the alkyl 
chain substitution and size of the spacer, can also self-assemble into interdigitated π-stacked 
lamellae, which is beneficial because it allows for the use of longer alkyl chains and therefore 
better solubility but without extending the distance between polymer backbones which may 
prove detrimental to charge carrier mobility.9,139,140 
 
Figure 1-9 – Terthiophene, quaterthiophene and bithiophene-thienothiophene based polymers, including high 
performance benchmark polymer PBTTT. 
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In close relation to these terthiophene and quaterthiophene derivatives, bithiophene-
thienothiophene copolymers emerged as leading examples of the success of polythiophene 
derivatives as high-performance conjugated polymers, particularly for use in OFET. 
Replacing two thiophene rings with a rigid thieno-thiophene ring (fused at the 2 and 3-
positions of thiophene) reduces the amount of rotational freedom and disorder in the 
conjugated backbone and the fused rings effectively planarises the polymer. Despite this 
increased planarity when compared to the quaterthiophene analogue, the degree of 
conjugation is slightly lower in bithiophene-thienothiophene copolymers, regardless of 
whether the rings are fused in the [2,3-b] or [3,2-b] manner.121 In the former case, thieno[2,3-
b]thiophene is cross-conjugated and acts as a conjugation blocker, as electron delocalisation 
between the 2- and 5-positions is not possible. In the latter case, the high aromaticity of 
thieno[3,2-b]thiophene means the quinoidal form is slightly disfavoured compared to 
bithiophene.121 The lower conjugation in these systems, particularly in the [2,3-b] system, 
means their respective ionisation potentials are lowered even further compared to 
quaterthiophene analogues.121 Such repeat unit design led to the development of poly(2,5-
bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT) which as early as 2006 achieved 
hole mobilities of 1 cm2 V-1 s-1, an order of magnitude higher than P3HT.142 More recently, 
inserting a vinylene spacer between the two thiophenes and adjusting the regiochemistry of 
the alkyl chains produced a polymer with hole mobilities as high as 4.6 cm2 V-1 s-1.120 
1.6  WHY FLUORINATE? 
The introduction of fluorine atoms into organic molecules is a popular approach to modify 
the behaviour without introducing more complex functionality. Although very few natural 
compounds contain fluorine, about 20% of all marketed pharmaceuticals and agrochemicals 
contain a fluorine atom.143,144 The small atomic radius of fluorine and its opposing electronic 
content to hydrogen make it a useful tool to increase lipophilicity, modify the binding affinity 
with enzymes, affect metabolic rates and transport of drugs and agrochemicals, as well as 
alter their physical properties.145,146 Fluorous interactions of perfluorinated compounds is also 
useful for recycling purposes in an industrial setting, as perfluorinated compounds tend to 
form separate phases to hydrocarbons and other organic molecules.147 
In terms of physical properties, the introduction of fluorine atoms into organic molecules 
leads to behaviour that may be dictated by fluorophilic and/or dipolar interactions. For 
example, perfluorocarbons have lower boiling points than their hydrocarbon analogues due to 
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the lower polarisability of fluorine atoms and therefore lower Van der Waals interactions.146 
However, partially fluorinated hydrocarbons usually exhibit high dipole moments and boiling 
points due to the strongly polarised C-F bond.146 Fluorophilic or fluorous interactions often 
dictate the crystallisation behaviour of mixtures of alkyl and perfluoroalkyl derivatives. 
Segregation of F-rich and H-rich domains are common in crystal packing motifs, and the low 
miscibility of fluorocarbons with hydrocarbons serve as evidence for F-F interactions.147–149 
The high electronegativity of fluorine atoms also means that fluorination of aromatic systems 
can lead to an inversion of the electron density.146,149 Consequently, the crystallisation 
behaviour of perfluorinated aromatics is often different to their hydrocarbon analogues.147,149 
Mixtures of perfluorinated aromatics and their non-fluorinated analogues can lead further 
interesting solid-state behaviour, with alternating stacks of fluorinated and non-fluorinated 
rings being commonly observed.54,146,149 It is thought that the opposing electron densities of 
the two rings leads to stacking in order to maximise dipole-dipole (or quadrupole-
quadrupole) interactions.146 This cofacial arrangement of hydrocarbons and fluorocarbons has 
recently been discovered in a non-aromatic system, the cis-1,2,3,4,5,6-
hexafluorocyclohexane.150 
In the context of organic semiconductors, fluorination has been of interest for nearly two 
decades for a variety of reasons. In addition to altering the crystallisation behaviour of 
aromatic compounds (vide supra), the sublimation point of compounds can also be altered, 
thus making fluorination a useful tool for facilitating vacuum deposition techniques.151,152 
Perhaps the most attractive prospect of fluorination is the strong inductive withdrawing 
nature of fluorine atoms. Introduction of fluorine atoms instead of hydrogen stabilises the 
energy levels of the conjugated system, usually with little impact on Eg, and the small Van 
der Waals radius of fluorine avoids significant backbone twists.57,58,153 Thus, the energy levels 
can be tailored to better match other components in the device, as outlined in Section 1.4.1. 
The concomitant lowering of both HOMO and LUMO means that fluorinated organic 
semiconductors are more stable towards ambient conditions, and also that p-type transport 
materials can be changed into ambipolar or even n-type materials.57,153 Deepening of the 
HOMO level without affecting the absorption profile means fluorination is also an extremely 
popular approach to modify donor components for OPV as a means of increasing open-circuit 
voltage.58 As a consequence, a surprisingly high proportion of high-performance donor 
materials contain fluorine atoms along the conjugated backbone.8,58,105,154,155 However, other 
aspects such as morphology and charge transport are also crucial to high performance in OPV, 
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so the beneficial effect of fluorination has also been thought to be due to its influence on 
aggregation and phase separation, as well as possible effects on the active layer dielectric 
constant and increased polarisation of the exciton.58,156–160  
Considering the complexity of the BHJ system in OPV, it is unsurprising that general 
guidelines regarding fluorination of conjugated materials are difficult to reach. Compared to 
OPV, backbone-fluorinated organic semiconductors are much less widespread in OFET 
applications, even though fluorination affects the solid-state packing and behaviour. When 
fluorination has been used, it was principally with the objective of obtaining electron-
transporting materials, and typically only with PAHs.57 Backbone fluorination of conjugated 
polymers has recently garnered more interest, particularly for donor-acceptor type polymers 
that are on the cusp of ambipolar charge transport, but fluorination in all-donor systems 
remains rare.131,161–163 
1.7  RESEARCH OBJECTIVES 
Part of the work presented in this thesis is an attempt to elucidate the influence of backbone 
fluorination on all-donor polythiophene systems such as poly(3-alkylthiophenes) (P3ATs) 
and PBTTT. Within the paradigm of these widely studied and well-understood systems, it is 
easier to ascertain the impact of fluorination and origins of any differences in behaviour. The 
results of these two studies have been welcomed by the scientific community, and have 
recently been published.62,129 Also presented in this thesis are the results of follow-up studies 
on derivatives of these materials, such as block and alternating copolymers of fluorinated and 
non-fluorinated polythiophenes. Furthermore, we explore the impact of fluorination on the 
crystallinity and crystal packing of the PBTTT system through the synthesis and 
characterisation of corresponding oligomers. 
Finally, we make use of the synthetic usefulness of fluorine-functionalised aryl groups for 
nucleophilic aromatic displacements. We present the optimisation for the synthesis of a 
P3HT-derivative that is controllably mono-endcapped with pentafluorobenzene, and possible 
ways in which this molecular handle can be used to introduce and tether interesting 
functional molecules to P3HT. 
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2.1  BACKGROUND 
Poly(3-alkylthiophenes) (P3ATs), and particularly P3HT, have played a central role in the 
advancement of the field of plastic electronics. Although P3HT-based device performances 
are inferior to many new organic semiconductors published in the recent years, its 
preponderance in the literature attests for its popularity.1 A recent meta-analysis by Po et al. 
explored the synthetic complexity and performance of polymeric donors for use in OPV, and 
clearly concluded that P3HT is substantially more attractive for scaled-up production of OPV 
modules than its higher-performing counterparts.2 The main reason for this is the 
significantly lower synthetic complexity involved in the synthesis of P3HT (see Scheme 2-1). 
Intermediates of the P3HT synthesis can be purified by distillation, making it even more 
attractive for industrial-scale synthesis, as column chromatography on large scales can be 
costly.2 Finally, synthesis of P3HT through GRIM polymerisation allows for accurate control 
of polymer properties and good batch-to-batch reproducibility that is more difficult to obtain 
with the existing polymerisation methods (Stille and Suzuki polymerisations) for high 
performance polymers used in both OPV and OFET devices. 
 
Scheme 2-1 – Synthetic routes to two benchmark polymers for OPV. The synthesis of P3HT is achieved in 3 
steps from the commercially available 3-bromothiophene. In contrast, the synthesis of PTB7 (one of the 
earliest high-performance donor polymer for OPV) requires ca. 10 synthetic steps. Some intermediates are 
commercially available, but costs are still prohibitive. 
Modifying the properties of P3HT in order to produce higher performing and more stable 
devices while maintaining some of the attractive traits of its synthesis is therefore an alluring 
prospect. P3HT’s high-lying HOMO level means that its air-stability can be low,3 and also 
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limits the Voc attainable in OPV devices.4,5 Modifications of the properties of P3HT has to 
date focused on two major approaches: bridging the thiophene rings with a (hetero)atom, and 
substitution of sulfur with a different heteroatom.6 The bridging-atom method requires a 
modification of the alkyl chain regiochemistry, which can introduce backbone twists due to 
sterics, and added synthetic complexity. 
Changing the chalcogenide heteroatom has been shown to alter the energy levels, but also the 
solubility of the resulting polymers. Poly(3-octylfuran),7 poly(3-hexylselenophene),8 and 
poly(3-hexyltellurophene)9 were all found to have a lower IP than the thiophene analogue, 
with poly(3-octylfuran) having the lowest. Although air-stability studies have not been 
performed, given the already limited air-stability of P3HT, further decreasing the IP of the 
polymers is likely to be detrimental in that respect. Generally speaking, the solubility of the 
chalcogenophene polymer decreases as the atomic weight increases, although poly(3-
octylfuran) has been reported to be less soluble than the corresponding polythiophene.7 Also 
of importance is the significant decrease in band-gap upon increasing the atomic number of 
the chalcogen. While poly(3-octylfuran) has an optical band gap of 2.21 eV, poly(3-
alkyltellurophene) has an optical band gap of 1.44 eV when the alkyl chain is similarly 
linear.7,9  
A further approach to modifying P3HT involves changing the solubilising side-chain. 
Replacing alkyl solubilising groups with alkoxy groups is occasionally used, but it 
significantly reduces the IP due to mesomeric donation (See Chapter 1 - ), thus making the 
resulting polymer unstable towards uncontrolled oxidation in ambient conditions.10 
Interestingly, lower solubility was also observed for 3-alkoxythiophene-based polymers, and 
possible planarising interaction between the oxygen and sulfur atoms has been proposed as an 
explanation for this.10–12 There are few examples of electron withdrawing solubilising side 
chains. These are usually limited to (per)fluoroalkyl or carbonyl-based substituents, or 
electron poor conjugated units.13 Poly(3-perfluoroalkylthiophenes) do exhibit significantly 
stabilised HOMO levels, but also show much larger band gaps likely due to a greater 
backbone torsion induced by the sterically larger fluoroalkyl chains.14 Such extensive 
fluorination can also lead to issues in processing due to limited solubility in common organic 
solvents, and also significantly affects the phase separation behaviour that is key for 
successful OPVs. Su et al. successfully synthesised poly(hexyl(thiophene-3-acetate)) and 
observed the desired stabilisation of the HOMO with minimal impact on the band gap, but 
substantial changes in the morphology and crystal packing were observed when compared to 
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P3HT.15 Introducing a nitrogen atom into the thiophene ring, thus resulting in a thiazole has 
also been a successful approach to deepen the energy levels.16–20 
 
Figure 2-1 – Examples of modifications of poly(3-alkylthiophene) for achieving higher- (electron rich) or 
lower-lying frontier molecular orbitals. See text for references. 
Functionalisation of the 4-position of the thiophene ring in P3ATs is rarely employed for 
energy level manipulation due to the significant backbone twist that it results in. The 
introduction of electron-withdrawing cyano group into P3HT has been successfully carried 
out by Thompson et al., but the stabilisation of the HOMO level was moderate (0.1 eV).5 
Indeed cyano-incorporation was kept low in order to maintain the semicrystalline behaviour 
of P3HT. 4-position functionalisation is also achieved via electrophilic bromination of 
P3HT.21–24 During the course of our research in fluorinated P3ATs, a method of post-
polymerisation modification of the 4-position of P3HT (also via the 
electrophilically brominated P3HT) was published by Swager et al.25 
They demonstrated that a wide variety of substituents can be 
incorporated onto the 4-position of P3HT, including fluorine, though 
the extent of functionalisation was limited to 67% of repeat units. 
Prior to this, a study by Roncali et al. suggested that fluorination of 
the P3HT backbone was an attractive prospect, but their polymer 
synthesis was limited to a monofluorinated terthiophene polymer 
synthesised by electropolymerisation.26  
Most electron-withdrawing groups can only be introduced in limited amounts onto P3AT, 
either as copolymers due to the significant impact they have on the torsion of the 
polythiophene backbone, or because the synthetic method used to introduce them is the 
limiting factor. In both cases, the issue of synthetic complexity and restricted batch-to-batch 
reproducibility makes the controlled synthesis of fluorinated P3ATs all the more appealing. 
X
C6H13
n
X = O, Se, Te
S
RO
n
S
C8F17
n S n
O
R
S n
O
O
C6H13
N
S
C6H13
n
S
CN
S
C6H13
nm
Electron Rich Electron Poor
Figure 2-2– Early 
attempts at fluorination of 
4-position in P3HT. 
S
C6H13
S
C6H13
0.670.30
F
S
C6H13
S
n
F
S
S
C6H13Br
0.03
Fluorination of P3ATs 
- 45 - 
As described in Chapter 1 - , fluorination of conjugated systems is a useful tool for stabilising 
both the HOMO and LUMO levels without significantly affecting the optical band-gap. With 
this in mind, we decided to synthesise fully backbone-fluorinated analogues of common 
P3ATs. From a synthetic standpoint, the objective was to find an efficient route to a 
monomer (preferably 2,5-dibromo-3-fluoro-4-alkylthiophene) that could then be polymerised 
using the GRIM polymerisation. Of particular interest was to investigate the effect of 
backbone fluorination on the morphology of a well-studied system such as P3ATs, and 
correlate this with changes in device performance in OFET and OPV devices. Indeed, 
preliminary Density Functional Theory (DFT) calculations suggested that unlike what is 
observed for other 4-functionalised P3AT derivatives, the P3AT backbone was predicted to 
be more planar than its non-fluorinated counterpart despite the replacement of hydrogen with 
the slightly larger fluorine atom (see Figure 2-3).  
 
Figure 2-3 – View of backbone planarity of (a and c) P3AT and (b and d) F-P3AT hexamers as calculated by 
DFT at the WB97XD/6-31G(d) level of theory. Alkyl substituents are replaced by methyl group. Structures 
are viewed down the long (a and b) and short (c and d) axes of the conjugated backbone.  
2.2  SYNTHESIS 
Several approaches are available in order to synthesise aryl-fluorides, and many were 
considered when deciding on the synthetic route to fluorinating the 3/4-position of thiophene. 
Recent efforts have shown that aryl triflates can be converted to aryl-fluorides under catalytic 
Pd(0) conditions.27–29 Due to the difficulty of reductive elimination step to form the aryl-F 
bond, owing to the ionic nature of the metal-F bond,30 the success of such reactions is very 
dependent on the substrate, choice of catalyst and ligand, and the reaction also tends to have 
issues of regioselectivity. Although the scope of such reactions extends to electron-rich 
aromatics, fluorination of thiophene via this method has not been reported, likely due to the 
low stability and high cost of alcohol derivatives of thiophene and therefore of the 
corresponding triflates.  
(a) (b) (c) 
(d) 
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A variety of other methods can be used to produce monofluorinated aryl derivatives, such as 
copper or silver-mediated nucleophilic substitutions of aryl-boronates.30,31 Deoxofluorination 
is also a convenient and widely successful method of converting aryl-alcohols to aryl-
fluorides, but once again the availability of thiophene-alcohols limits the utility of this 
method.30–32 Perhaps more popular approaches are the Balz-Schiemann reactions of aryl-
amines, and nucleophilic aromatic displacement of leaving-group functionalised aromatics 
using fluoride (see Scheme 2-2). Both of these approaches have been reported for the multi-
gram scale synthesis of 3-fluorothiophene.33,34 However, these were not considered useful 
routes for the synthesis of 2,5-dibromo-4-fluoro-3-alkylthiophenes, as optimised yields to 3-
fluorothiophene only reach 49%, and multiple steps would then be necessary to produce the 
desired alkylated monomer. In addition, the high volatility of 3-fluorothiophene combined 
with hazardous and potentially explosive nature of the Balz-Schiemann reaction made these 
routes less attractive.  
 
Scheme 2-2 – Most successful published routes to 3-fluorothiophene to date. Both require handling of the 
volatile compound 3-fluorothiophene, as well as multiple further steps to reach the target alkylated monomers. 
An alternative method for the synthesis of 3-fluorothiophene is via the lithium-halogen 
exchange reaction on 3-bromothiophene and quenching with N-fluorobenzenesulfonimide 
(NFSI), an electrophilic fluorinating agent (see Scheme 2-3). However, due to the propensity 
of 3-lithiated thiophenes to rearrange to the more stable 2-thienyllithium, the fluorination 
tends to lead to multiple products that are difficult to separate.35 
 
Scheme 2-3 – Rearrangements of 3-lithiated thiophene and resulting isomeric mixture upon quenching with 
electrophilic fluorinating reagents. 
In order to reach the monomer through an efficient synthetic effort, we opted for the 
electrophilic fluorination of lithiated thiophene species, similar to that employed by Suzuki et 
al.36 They reported a difluorination of 3,4-dibromo-2,5-bis(trimethylsilyl)thiophene which 
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was achieved in good yields (73%) via lithium-halogen exchange with nBuLi followed by 
quenching with NFSI. This approach was particularly alluring as it employed well-
established chemistry for thiophene functionalisation, such as trimethylsilyl (TMS) protecting 
group strategies and lithium-halogen exchange reactions. We envisaged that a modification 
of this approach from commercially available 3-alkylthiophenes should give a 4-step 
synthetic route to the desired monomer. The use of protecting groups should limit the 
possibility that the 3-lithiated thiophene will rearrange, which would complicate purification. 
 
Scheme 2-4 – Late-stage fluorination route to the desired monomer, with overall yields of 30-40% depending 
on the nature of R-group. 
2.2.1 Late-stage Fluorination 
The fluorinated monomers were synthesised according to the route outlined in Section 2.2 . 
3-hexyl and 3-octylthiophene were commercially available, but due to the high cost of 3-(2-
ethylhexyl)thiophene the latter was obtained from the nickel-catalysed Kumada coupling 
reaction of 3-bromothiophene with the corresponding alkylmagnesium halide. Subsequent 
bromination using molecular bromine in hot acetic acid afforded the tribrominated 3-
alkylthiophene. Treatment of this derivative with 2 equivalents of nBuLi at cryogenic 
temperatures led to a rapid and selective lithium-halogen exchange at the 2- and 5-positions, 
and quenching the dilithiated species with chlorotrimethylsilane afforded the 3-bromo-2,5-
bis(trimethylsilyl)-4- alkylthiophene in good yields (82-88%).  
A subsequent lithium-halogen exchange with nBuLi results in the 3-thienyllithium derivative, 
which is then quenched with NFSI at low temperature resulting in the fluorinated 3-
alkylthiophene derivatives in moderate yields (ca. 50%). Ipso-bromodesilylation with 
molecular bromine provides the final monomer with overall yields around 30% starting from 
the 3-alkylthiophene. Although higher yields would be desirable, significant losses of 
material are inevitable from the lengthy column chromatography purification methods 
necessary to avoid any isomers after the fluorination step. Indeed, purifying mono-fluorinated 
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compounds from their non-fluorinated counterparts was problematic, and was the most 
painstaking part of the synthesis.37 Particularly in the case of alkylated thiophenes, which are 
non-polar and usually liquid, partially fluorinated derivatives (and their isomers and non-
fluorinated analogues) often have very similar boiling points and retention times on regular 
silica-based chromatography methods.  
Although the desired fluorinated monomers (hexyl, octyl and 2-ethylhexyl-derivatives) were 
all successfully obtained in excellent purity and reasonable yield, we were keen to develop a 
novel synthetic route that could reduce the number of synthetic steps and facilitate 
purification. The use of protecting groups inherently increases the number of steps in a 
synthetic pathway and decreases atom efficiency, so avoiding these was crucial for designing 
a way to fluorinate the 4-position of 3-alkylthiophenes and generate a polymerisable 
monomer. 
 
Scheme 2-5 – Halogen-dance reaction of α-brominated thiophene when lithiated in the β-position.  
Unfortunately, electrophilic fluorination of the 4 position via metallation of the 2,5-dibromo-
3-alkylthiophene monomer cannot easily be achieved. Indeed, α-brominated thiophenes 
undergo halogen-dance reactions when lithiated in the β-positions, leading to similar 
isomerisation issues encountered with unprotected thiophenes (see Scheme 2-5).38 As the 
ability for halogens to ‘dance’ in such a manner decreases with increasing C-X bond strength, 
chloro-derivatives very rarely undergo halogen dance reactions,38 and there are to our 
knowledge no examples of fluorine-based halogen dance reactions. With Mori et al. recently 
developing a more atom efficient approach to P3HT by polymerising 2-chloro-3-
hexylthiophene with an N-heterocyclic carbene-based nickel catalyst,39 we designed a 
synthetic route to 2,5-dichloro-4-fluoro-3-alkylthiophenes (see Scheme 2-6). The idea was to 
build on the Mori synthesis of P3HT, expanding this to dichloro-derivatives using a single 
magnesium-chlorine exchange at the α-position of the thiophene that was reported by 
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Knochel et al.40 This strategy avoids not only the issue of halogen dance reactions, but also 
the need for protecting groups and the added steps they involve. 
 
  
Dichlorination of 3-octylthiophene was achieved with N-chlorosuccinimde (NCS) in 54 % 
isolated yield, and subsequent lithiation using lithium diisopropylamide (LDA) proceeded 
smoothly to give the lithiated species. Quenching with NFSI resulted in a crude mixture of 
85% the desired fluorinated compound and less than 10% of the 2,5-dichloro-3-
octylthiophene starting material as indicated by NMR (see Figure 2-4). The remainder of the 
crude mixture was attributed to dechlorinated products consistent with the large excess LDA 
that was added. Column chromatography on the crude mixture easily removed dechlorinated 
derivatives, but unfortunately the fluorinated monomer could not be separated from the 
starting material, owing to the two compounds co-eluting and having high retention factors, 
even with pentane as eluent.  
 
S
C6H13
Cl
1. TMP-MgCl.LiCl
2. NiCl2(PPh3)IPr S
C6H13
n
S
C6H13
S
C6H13
ClCl
S
C6H13
ClClMg
NCS
S
C6H13
ClCl
Li
LDA
NFSI
S
C6H13
ClCl
F
FiPrMgCl.LiCl
S
C6H13
n
NiCl2(PPh3)IPr
Mori P3HT Synthesis
N
MgCl.LiCl
TMP-MgCl.LiCl
N N
iPr
iPriPr
iPr
IPr
F
Scheme 2-6 – Mori synthesis of P3HT39 (top) and the proposed route (bottom) to F-P3AT via the lithiation 
of the α-dichlorinated thiophene to avoid halogen-dance reactions. 
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Figure 2-4 – Selected sections of 1H NMR of the crude reaction mixture after treating 2,5-dichloro-3-
octylthiophene with LDA followed by NFSI. Integration of the alkyl-CH2 protons adjacent to the thiophene 
ring compared to the aromatic proton of the starting material shows that only 8% of starting material still 
remains Inset – selected region of 19F NMR corresponding to the desired product exclusively. Starred are 
side-products that include the mono-dechlorinated product (vide infra) Combined, the spectra suggest 85-90% 
fluorinated product.  
As a proof of concept for the magnesium-chlorine exchange, the crude mixture was reacted 
with isopropylmagnesium chloride-lithium chloride complex (iPrMgCl.LiCl), a reagent 
routinely used for magnesium halogen exchanges due to its high reactivity under mild 
conditions. When subjected to excess iPrMgCl.LiCl at room temperature followed by a 
quench with methanol, only mono-dechlorination was observed, with 91% regioselectivity 
(See Figure 2-5). The smaller 3JHF coupling constant for the major regioisomer (2.0 Hz vs. 5.3 
Hz), combined with the lower chemical shift in the 1H NMR is consistent with the 
regioselectivity observed for the magnesium bromine exchange in the fluorinated dibromo 
analogue (see Section 2.2.3). This suggests that the reaction observes the regioselectivity 
required for the Mori synthesis of P3HT mentioned above. 
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Figure 2-5 – Top – Selected region of 19F NMR of 2,5-dichloro-4-fluoro-3-octylthiophene (red) and the 
crude products of mono-dechlorination using iPrMgCl.LiCl (blue). Clearly evident is the 91% regioselectivity 
of the magnesium halogen exchange for the 5-position. Bottom – Selected region of 1H NMR of the crude 
mixture after mono-dechlorination, showing the difference in 3JHF (5.5 and 2.0 Hz) and chemical shifts 
between the regioisomers. 
Encouraged by these results, efforts to separate the fluorinated product from the starting 
material were pursued. Initial attempts included subjecting the crude mixture to LDA 
metallation conditions and once again quenching with NFSI in order to increase the 
proportion of fluorinated product, to no avail. It is likely that the vast excesses of LDA 
compared to the relatively acidic aromatic proton was too great, and led to product 
decomposition. Approaches to substitute the unreacted 4-position via electrophilic aromatic 
substitution in order to allow chromatographic purification through increasing the difference 
in retention factors between the crude products were also attempted. Vilsmeier-Haack 
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formylation and Friedel-Crafts acylation conditions led to no reaction, and nitration 
conditions led to decomposition of the fluorinated product.  
 
Scheme 2-7 – Unsuccessful approaches to functionalise the unreacted 4-position in order to allow separation 
of the fluorinated monomer from non-fluorinated starting material. 
With the previously acquired knowledge that an analogous crude reaction mixture with 
bromothiophene derivatives can be separated by column chromatography, alternative routes 
to fluorinate 2,5-dibromo-3-octylthiophene were considered. Combining the success of the 
Knochel-Hauser base for the magnesiation of halogenated thiophene derivatives41 with the 
knowledge that halogen dance reactions typically require lithiated rather than magnesiated 
species, it was deduced that direct magnesiation of 2,5-dibromo-3-octylthiophene should 
proceed without significant rearrangement issues.  
 
Scheme 2-8 – Unsuccessful attempt of the electrophilic fluorination of magnesiated α-dichlorinated thiophene. 
However, quenching of aryl-magnesium compounds with electrophilic reagents is 
notoriously difficult to achieve, and highly dependent on the substrate, fluorinating reagent, 
and solvent.42–44 A test reaction of the deprotonation of 2,5-dibromo-3-octylthiophene 
followed by quenching with DMF provided a major formylated product, indicating successful 
deprotonation and minimal rearrangement, but quenching with NFSI in the same conditions 
afforded no fluorinated product, even following the procedure outlined by Knochel et al. 
using dichloromethane as solvent for the fluorination step.44 The lack of any observable 
product attested for the difficulty of fluorinating the magnesiated thiophene derivative, and 
this route was abandoned for the more convenient early-stage fluorination outlined below. 
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2.2.2 Early-Stage Fluorination 
Although a successful synthesis for the fluorinated 3-alkylthiophene monomers was 
established, the fluorination step occurs after the alkylation and therefore limits the versatility 
and flexibility of the synthesis. A modified synthesis of the monomers was therefore 
developed in which the fluorination step occurs early in the synthesis, allowing a large-scale 
production of a useful fluorinated building block. Starting from the cheap and commercially 
available tetrabromothiophene (< $1/g), the 2- and 5-positions were protected with TMS 
groups via the regioselective lithium-halogen exchange using nBuLi. The reaction was easily 
optimised, and can be carried out on a 100g scale without the need for chromatographic 
purification.  
Fluorination of the resulting 2,5-bis(trimethylsilyl)-3,4-dibromothiophene proved to be more 
difficult. Although difluorination of this intermediate has been reported through further 
lithium-halogen exchange followed by quenching with NFSI,36 potential issues of product 
mixtures on monofluorination were anticipated. Test reactions involving the addition of 1 eq. 
nBuLi at -78 ºC in THF followed by protonolysis with MeOH suggested over 90% conversion 
to the monodebrominated thiophene (as indicated by GC-MS), suggesting good selectivity 
for monolithiation and little undesired side-reactions. Surprisingly, under the same conditions, 
with lithiation confirmed by GC-MS, quenching the reactive intermediate with NFSI resulted 
in only 36% of the desired monofluorinated product. More surprisingly, the major product (ca. 
55%) was the 2,5-bis(trimethylsilyl)-3,4-dibromothiophene starting material. This was 
attributed to halogen-dance type reactions, which occurs more readily when ‘slow’ 
electrophiles such as NFSI are used.38 The absence of the doubly debrominated thiophene 
product (expected from such a halogen-dance reaction) from the GC-MS chromatogram 
could reasonably be due to its boiling point being too low to be detected.  
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Scheme 2-9 – Unoptimised product distribution for the key step of early-stage fluorination. Although 
quenching a sample of the reaction prior to NFSI quench with methanol shows nearly complete conversion to 
the mono-lithiated species, quenching with NFSI leads to a considerable amount of starting material, 
indicating possible rearrangements during the reaction. 
Optimisation of the reaction conditions, initially through changing the solvent to Et2O rather 
than THF, led to an improvement of the product distribution (53% desired monofluoro 
product, and 32% starting material). Changing the base to tBuLi, then provided the significant 
shift in the product distribution, with less than 10% starting material observed after 
quenching with NFSI, and 83% conversion to the desired product. The remainder of the 
products were various combinations of fluorinated, protonated and brominated products, 
most of which were not detected by GC-MS. This was deduced from the decrease in total 
peak areas observed relative to the internal standard (hexadecane), as well as subsequent 
purification of the crude mixture. After vacuum distillation 3 fractions were separable, with 
the first fraction containing a mixture of non-, mono- and a majority of difluorinated 
thiophene in the 3/4-positions. The desired product was found in the second fraction along 
with its non-fluorinated analogue. With the distillation apparatus available, these two 
products were very difficult to separate, and were ultimately separated by reverse-phase 
chromatography. Finally, the starting dibromothiophene derivative was recovered in the last 
fraction.  
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Table 2-1 – Summary of optimisation of reaction conditions for the key step in the early stage fluorination 
route. 
Base Solvent 
Observed product fraction after NFSI quench (%) 
   
nBuLi THF 55 36 8 
nBuLi Et2O 32 53 14 
tBuLi Et2O 10 83 7 
 
With the protected monofluorinated thiophene building-block successfully synthesised, the 
alkylation step was tackled. Given the prevalence in the literature of the Kumada cross-
coupling reaction for alkylation of 3-bromothiophene and its robustness towards different 
substrates,45 initial attempts at alkylating the fluorinated analogue focused on this approach. 
However, the 3-bromo-4-fluorothiophene derivative was unreactive under these conditions, 
even after removal of the sterically bulky TMS groups that were initially thought to be a 
possible culprit. The alkyl chains were therefore introduced using Negishi coupling. An early 
test reaction using a commercially available alkylzinc bromide reagent and a Pd(0)/P(o-Tol)3 
catalytic system led to near complete conversion to the alkylated product within 15 minutes 
under microwave irradiation (See Figure 2-6). Minor side-reactions were however observed, 
including isomers with m/z corresponding to the alkylated product-2 as well as homo-
coupling of the thiophene building block. The presence of two products having a molar mass 
of the desired product-2 possibly indicates a Heck-type side-reaction that would occur if the 
alkylzinc bromide reacted with residual alkylbromide to form the corresponding alkene. 
Minor multiplet signals in the 5.4-4.7 ppm range upon 1H NMR analysis of the crude mixture 
served as further evidence for these alkene products. While these alkenes were easily reduced 
by catalytic hydrogenation to give the desired product, the use of Pd(dppf)Cl2 as a catalyst for 
the alkylation resulted in these side-products no longer being detected, albeit with a 
concomitant reduction in reaction rate. Bromodesilylation as used in the late-stage 
fluorination then afforded the monomer.  
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Scheme 2-10 – Possible Side-reaction involving a Heck coupling that would lead to two cis/trans isomers 
with a m/z of the desired product-2. 
 
Figure 2-6 – GC-MS chromatogram of the Negishi alkylation using two different catalyst systems, 
Pd(dba)2/P(o-Tol)3 (Blue) and PdCl2(dppf) (Red) after a reaction time of 15 min at 150 ºC under microwave 
irradiation. Presence of 2,5-bis(trimethylsilyl)-3,4-dibromothiophene is due the starting material in both 
reactions was used without purification after the fluorination. Although the catalytic system using 
Pd(dba)2/P(o-Tol)3 leads to much faster conversion of the starting material, it also exhibits many more 
observable sideproducts, as well as homo-coupling of the starting material. 
The early-stage fluorination possesses several clear advantages over the late-stage synthetic 
pathway. Firstly, one less synthetic step is required for monomer synthesis, assuming the 3-
alkylthiophene is not commercially available. Secondly, the desired solubilising side-chain 
can be integrated late into the synthesis, which drastically reduces the number of steps 
necessary when more than one derivative is to be synthesised. Considering the lengthy 
purification required at each step in the late-fluorination route, time is undoubtedly saved. 
Furthermore, and perhaps most importantly from a synthetic chemist’s perspective, the 
optimised route for early-stage fluorination typically only requires one chromatography step, 
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after the final stage of the synthesis. The nature of the stationary phase used for the 
chromatography is dependent on the alkyl-chain used, with shorter alkyl chains such as hexyl, 
octyl and 2-ethylhexyl being best separated with reverse-phase chromatography in methanol 
or acetonitrile. It was generally observed that separation of 2,5-dibromo-4-fluoro-3-
alkylthiophenes from their non-fluorinated analogues was best achieved after exhaustive 
bromination of any non-fluorinated positions. Therefore, excess brominating agent during the 
bromodesilylation allowed for easier purification, ensuring separation of 2,5-dibromo-3-
fluoro-4-alkylthiophene from fully brominated 2,3,5-tribromo-4-alkylthiophene. 
2.2.3 Monomer Reactivity 
As mentioned in Chapter 1 - , irregularities in the alkyl chain density of a polymer, as results 
from head-to-head and tail-to-tail couplings, can significantly hamper aggregation and 
order.46 High regioregularities in P3HT are desirable for OFET applications,46,47 and although 
there is some debate as to what regioregularity is optimal for OPV, high regioregularity is not 
detrimental to device performance.48,49 The GRIM polymerisation has been particularly 
popular with polythiophenes, as it provides a simple route to generally well controlled 
polymers, with good control over the regioregularity of the sidechain.50 The GRIM 
polymerisation was therefore chosen for the synthesis of F-P3ATs. 
 
Scheme 2-11 – Stages of P3HT synthesis using the GRIM polymerisation. Activation of the 2,5-
dibromothiophene derivative with iPrMgCl.LiCl affords two regioisomers. Only the major 5-magnesiated 
species (top) reacts to form P3HT when Ni(dppp)Cl2 catalyst is added. 
In the polymerisation of 2,5-dibromo-3-alkylthiophenes via GRIM, the active monomer must 
first be generated, usually through magnesium-bromine exchange using iPrMgCl or tBuMgCl, 
before adding the Ni(dppp)Cl2 catalyst. Regioselectivity plays a role in this reaction, as the 
magnesium-bromine exchange is only ca. 80% selective for the 5-position (depending on the 
alkyl chain), the minor regioisomer is unreactive towards the GRIM conditions.47,50–53 The 
origin of this selectivity is thought to be steric in nature, due to the substituent in the 3-
position.50 It can also be suggested that the inductively-donating nature of the alkyl 
S
C8H17
MgClBr
S
C8H17
BrClMg
+
iPrMgCl.LiCl
S
C8H17
BrBr
80%
20%
Ni(dppp)Cl2
Ni(dppp)Cl2
S
C8H17
n
No Polymer
P3HT
Fluorination of P3ATs 
- 58 - 
substituent may reduce the polarisation of the adjacent C-Br bond and therefore its reactivity. 
Obtaining the correct regioisomer for this monomer activation was therefore of major 
importance in successfully synthesising F-P3ATs. We note that LiCl has been suggested to 
promote the reaction of the 2-magnesiated species in polymerisation,51 however, the 
mechanistic effects of LiCl on GRIM has yet to be elucidated.52,54,55  
With this in mind, we tested the regioselectivity of the magnesium-bromine exchange on the 
octyl-derivative of the fluorinated monomer. Addition of 0.97 eq. of iPrMgCl.LiCl followed 
by quenching with methanol after stirring at room temperature for 30 minutes resulted in a 
single debrominated isomer, as observed by GC-MS. A combination of 1H, 19F, and 2D 
HOESY NMR confirmed that a single regioisomer was formed, as attested by the doublet 
(3JHF = 1.8 Hz) observed in both the 1H and 19F NMRs (6.62 and -125.9 ppm respectively), 
and the through-space interaction between these signals confirmed their spacial proximity 
(see Figure 2-7). This increased selectivity compared to the non-fluorinated monomer could 
reasonably be attributed to an ortho-directing effect of the electron-rich fluorine atom, which 
may coordinate with the organomagnesium reagent and its lithium salts.56 
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Figure 2-7 – 2D HOESY NMR with 1H NMR and 19F NMR on the vertical and horizontal axes respectively. 
Contour at 6.62 and -125.9 ppm (circled) indicates the hydrogen and fluorine atoms are in close spatial 
proximity. Minor impurity observable in the 19F NMR at -124.55 ppm is unreacted starting material. Inset: 
GC-MS trace of the crude mixture, with the single regioisomer clearly present at retention time 7 min. The 
trace starting material is indicated at higher retention time. 
With the confirmation that the fluorinated monomers exhibit the correct regioselectivity, 
regioregular F-P3HT, F-P3OT, and F-P3EHT (hexyl, octyl and 2-ethylhexyl sidechains 
respectively) were synthesised via GRIM polymerisation. This method was used as it is 
robust, reproducible, and avoids the extra synthetic steps and purification issues that often 
accompany other popular polymerisation methods such as the Suzuki and Stille 
polycondensations.47 Briefly, this involved the addition of Ni(dppp)Cl2 to the solution of the 
preformed thienyl Grignard at room temperature, followed by reflux at 65 ºC for 4 h (see 
Scheme 2-12). After cooling, the polymerisation mixture was quenched with acidic methanol 
and the resulting precipitate filtered and purified as described below. Non-fluorinated 
analogues of similar molecular weights were also synthesised by GRIM using the same 
conditions for comparison. 
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2.3  POLYMER CHARACTERISATION & PHYSICAL PROPERTIES 
The crude polymers were purified by extraction (Soxhlet) with methanol, acetone, and 
hexane, in that order, to remove unreacted monomer, catalyst residues and low molecular 
weight polymer. The remaining polymer was then extracted in a good solvent, and 
precipitated into methanol. A significant difference in physical properties between the 
fluorinated polymers and their non-fluorinated analogues was rapidly observed. While all the 
P3ATs studied were rapidly extracted with chloroform as solvent, only the 2-ethylhexyl-
substituted polymer of the fluorinated series was fully extracted. While minimal amounts of 
F-P3HT and F-P3OT were extracted (likely low molecular weight fractions), the majority of 
the respective polymers remained insoluble. These higher molecular weight fractions could 
only be extracted using chlorobenzene. Molecular weight distributions were measured by gel-
permeation chromatography (GPC) (except F-P3HT which was too insoluble to be measured 
on our machine), and showed that the F-P3AT polymers exhibited narrow polydispersities 
(Đ), consistent with the pseudo-chain growth mechanism that is typically observed in P3ATs 
synthesised via the GRIM method.47,50,51,57  
The low yield of F-P3HT (30%), combined with the purple precipitate formed during the 
course of the polymerisation, suggested that the monomer conversion (and thereby molecular 
weight) was low. Indeed, the insolubility of F-P3HT in boiling THF after purification 
supported the idea that the growing polymer precipitated from solution before complete 
monomer conversion was achieved. Latter attempts to synthesise higher molecular weight F-
P3HT were also unsuccessful, and GPC analysis on an instrument running in 1,2,4-
trichlorobenzene (TCB) at 130 ºC showed that this sample only exhibited a number average 
molecular weight (Mn) of 5.1 kDa, with a narrow polydispersity nonetheless (Đ = 1.1). The 
synthesis of F-P3OT was somewhat more robust, and a Mn of 23 kDa (Đ = 1.8) was achieved, 
despite the low yield (44%). Latter attempts, using a sealed tube and higher reaction 
temperatures led to the successful synthesis of high-molecular weight F-P3OT batch (53 kDa, 
Đ = 1.8, as measured by GPC in TCB at 130 ºC). The synthesis of F-P3EHT proceeded 
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Scheme 2-12 – Synthesis of F-P3HT, F-P3EHT, and F-P3OT from the dibrominated monomer via the GRIM 
polymerisation method. 
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without issues of precipitation, likely due to the branched sidechain providing enhanced 
solubility. The Mn (28 kDa), Đ (1.3), and yield (64%) were therefore in agreement with what 
is expected for significant monomer conversion. Higher Mn was subsequently achieved by 
lowering the catalyst loading of the reaction, as is expected for GRIM-type catalyst-transfer 
polymerisations.47  
The most noticeable effect fluorination has on the physical properties of the polymers is with 
solubility. F-P3ATs are consistently less soluble than their P3AT counterparts (see Section 
2.3.2), and F-P3HT and F-P3OT are only soluble in chlorinated solvents at temperatures 
above 120 ºC, for typical concentrations used in solution processing (1-10 mg/mL). NMR 
analysis to measure regioregularity (RR) (see Figure 2-8) was therefore performed in 1,1,2,2-
tetrachloroethane-d2 at 403 K. All polymers exhibited high regioregularities (RR>95%) 
except F-P3HT (RR = 93%), though this is attributed to the signals of end-groups being more 
significant due to the limited molecular weight.  
 
1.82.02.22.42.62.83.03.23.4
f1 (ppm)
0.
04
0.
96
-125.5-123.0
f1 (ppm)
Figure 2-8 – Selected region of 1H NMR (green) of F-P3OT showing the high regioregularity (ca. 96%). Single 
resonance in 1 9F NMR (red) also indicates high regioregularity. 
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Table 2-2 – Summary of molecular weight distributions and regioregularities of the F-P3ATs and their P3AT 
counterparts. Molecular weights were measured in chlorobenzene at 80 ºC against polystyrene standards. F-
P3HT could not be measured due to low solubility. Regioregularity was calculated from the relative 
integrations of α-methylene protons in the H-T vs. H-H/T-T configuration. 
 Mn (kDa) Mw (kDa) PDI 
Degree of 
regioregularity (RR) 
P3HT 39 55 1.4 97% 
F-P3HT -- -- -- 93% 
P3OT 19 26 1.4 95% 
F-P3OT 23 41 1.8 96% 
P3EHT 29 44 1.5 97% 
F-P3EHT 28 37 1.3 96% 
 
2.3.1 Thermal Properties 
Differential scanning calorimetry (DSC) has been extensively used in exploring the 
crystallinity and thermal behaviour of polythiophene derivatives.4,58–61 DSC provides 
information about the melting and crystallisation points, as well as the enthalpies of the 
thermal transitions and the presence of polymorphs.58,62 Providing thermal transitions are 
observed, the information can be used to compare relative degrees of order within the same 
the same polymer system.46 DSC thermograms of the F-P3OT and F-P3HT showed overall 
similar behaviour to their non-fluorinated analogues, with a clearly evident melting transition, 
and a crystallisation transition that is produced upon subsequent cooling. In both the 
fluorinated and non-fluorinated case, extending the sidechain (from hexyl to octyl) decreases 
the temperatures of the thermal transitions by 40-50 ºC, an effect that has previously been 
observed in P3AT and other systems.60,63–65 Interestingly, both F-P3HT and F-P3OT exhibit at 
multi-peak melting endotherm, as does P3OT to a lesser extent, suggesting possible 
polymorphs and/or liquid crystalline phases.58,66  
Fluorination also has a significant impact on the thermal transition temperatures and 
enthalpies of the linear side-chain P3AT derivatives. Indeed, the melting and crystallisation 
temperatures of P3HT increase by ca. 50 ºC, while in the case of the P3OT/F-P3OT pair, the 
increase is larger, at ca. 60 ºC. The slightly lower increase observed in the case of the hexyl 
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sidechain can once again likely be attributed to the low molecular weight of F-P3HT, as 
thermal transition temperatures tend to increase with increasing molecular weight.58,62,65,66 
These increases in melting temperature are much greater than expected from the sole 
differences in molar mass of the repeat units, and therefore suggest greater intermolecular 
forces in the F-P3ATs. The crystallisation enthalpies, which are easier to compare than the 
melting enthalpies due to sharper peakshape, are substantially increased by ca. 60%. In all 
four polymers, the observed transitions are reproducible on subsequent cycles with only 
minimal changes. The increase in temperature of both melting and crystallisation points as 
well as their corresponding enthalpy upon fluorination suggests an increase in the degree of 
crystallinity, assuming similar crystallisation behaviours are exhibited by the P3ATs and their 
corresponding F-P3AT.46 
 
Figure 2-9 – DSC traces of second heating and cooling cycles (10 K/min), except for P3EHT where the first 
cycle is shown due to non-reversibility of the transitions at that heating/cooling rate. Thermograms are offset 
on the y-axis, and paired by type of sidechain, with P3EHT and F-P3EHT (top), P3OT and F-P3OT (middle), 
and P3HT and F-P3HT (bottom). Figure reproduced with permission from Fei et al.67a  
  
Endo 
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Table 2-3 – Summary of thermal properties of F-P3ATs and their P3AT counterparts. Values indicated are the 
maxima of the thermal transitions from second DSC cycle, except P3EHT where the values are for the first 
melt only due to the absence of further transitions and lack of reversibility. 
 Tm (oC) Tc (oC) ΔHc (J/g) 
P3HT 233 194 19 
F-P3HT 267,279 245 32 
P3OT 184,191 152 17 
F-P3OT 240,252 212 28 
P3EHT 56,72 --b --b 
F-P3EHT 123 81 20 
Branching of the alkyl sidechain (P3EHT) leads to a significant decrease in the melting point, 
which manifests itself as non-reversible double transition at 56 and 72 ºC. Upon fast cooling, 
as is usually employed in DSC analysis (10 K/min), the crystallisation of P3EHT is inhibited 
and the resulting glassy state has been reported to spontaneously convert to its original 
semicrystalline nature over 90 minutes or more.65,68,69 The difference in thermal behaviour 
between P3EHT and linear P3ATs has been attributed to the additional degrees of freedom 
imparted by the branched side-chain, as well as a different packing motif where adjacent 
P3EHT backbones are at 28º to each other rather than parallel, as is observed in P3HT.70 In 
addition to the increased disorder provided by the branched alkylchain, this difference in 
crystallisation may also be a consequence of greater twisting of the backbone due to 
increased steric repulsion between adjacent thiophene rings and the bulky sidechains. Despite 
also possessing the branched 2-ethylhexyl sidechain, F-P3EHT behaves in much the same 
manner as the linear F-P3ATs, with a fully reversible melt and crystallisation. Furthermore, 
the melting temperature is once again increased by ca. 50 ºC compared to its non-fluorinated 
analogue. The substantially different behaviour of F-P3EHT compared to P3EHT suggests 
that any effect engendered by the fluorine atom is likely to have altered the crystallisation 
mechanism and packing motif. 
2.3.2 Optical Properties 
In polythiophene derivatives, and particularly P3ATs, the UV-Vis spectrum in solution and 
thin-film can be a useful probe for not only the optical absorption, but also the degree and 
type of aggregate.46,66,68,71–73 The disorder in the backbone and torsional angles between 
thiophene rings resulting from the solvation of polythiophene chains leads to a distribution of 
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conjugation lengths, and therefore a broad absorption band.66,74 Planarisation and ordering of 
the polythiophene backbone is usually accompanied with a red-shift in the absorption band 
due to longer conjugation lengths, and ultimately can result in cofacial aggregates.75 These 
aggregates contain fully planarised and extended thiophene-thiophene links, and this reduced 
disorder manifests itself as Franck-Condon-type vibronic structure in the absorption spectrum, 
along with a significant red-shift. Provided the solubilising sidechains and substituents do not 
hinder planarisation, these aggregates can be seeded through the use of a poor solvent or 
addition of an anti-solvent,76–78 a decrease in the solvent temperature (and therefore 
solubility),77,79 ultrasonication,80,81 and of course planarising backbone modifications such as 
ring fusion and ring bridging. 
Since F-P3HT and F-P3OT were only soluble in hot chlorinated solvents, the solution UV-
Vis spectra of all polymers were initially performed in hot 1,2-dichlorobenzene (DCB), then 
again at room temperature (see Figure 2-10). When heated, all the polymers except F-P3HT 
exhibit a broad absorption band with no vibronic structure, consistent with well-dissolved 
polythiophene. As a testament to its poor solubility, F-P3HT on the other hand presents two 
small red-shifted shoulders at 538 and 584 nm typical of aggregated polythiophenes.77,78 The 
absorption maxima (λmax) of the fluorinated polymers are consistently blue-shifted (ca. 32 nm 
for straight-chain, and 22 nm for branched-chain) compared to the corresponding P3ATs, 
indicating a slight widening of the optical band-gap. At room temperature, the absorption 
band corresponding to fully solubilised polythiophene red-shifts by 5-11 nm for all P3ATs as 
well as F-P3EHT. This is consistent with a slight reduction in the thermally promoted 
disorder of the polythiophene backbone, and the slight increase in conjugation length that 
accompanies this. The absorption spectrum of F-P3OT on the other hand shows significant 
signs of aggregation, and appears to be comprised of overlapping absorptions of solubilised 
polythiophene (λmax = 431 nm), along with the aforementioned red-shifted (λmax = 538 nm) 
vibronically coupled absorption from aggregated species. Finally, the absorption of F-P3HT 
manifests itself as nearly exclusively from the aggregated form, with the low-energy vibronic 
peaks (540 and 584 nm) matching well with the shoulders observed in hot solution spectrum. 
The earlier onset of aggregation for the linear sidechain F-P3ATs compared to their non-
fluorinated counterparts clearly portrays the effect of fluorination on solubility. Branching of 
the sidechain leads to a blue-shift in absorption, both in hot solution and at room temperature, 
likely due to the greater torsional disorder resulting from the increased steric hindrance.4  
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Table 2-4 – Summary of optoelectronic properties of F-P3ATs and their P3AT analogues. Optical bandgap 
extrapolated from the x-intercept of the tangent from absorption onset. HOMO measured by PESA (± 0.05 
eV), and LUMO calculated from HOMO + Eg. 
 
 
Figure 2-10 – UV-vis spectra of F-P3ATs and P3ATs in solution at room temperature (a), heated to ca. 80 ºC 
(b), and thin-film (c) and (d). Figure reproduced with permission from Fei et al.67 
Thin-films of the polymers spin-cast from DCB all show red-shifted absorptions relative to 
the hot solution spectra, and all show signs of the vibronic structure indicative of backbone 
planarisation. In the linear sidechain polymer series, the red-shift from fully dissolved, hot 
solution to thin-film is more significant for the F-P3AT polymers than for P3ATs (90, 95, 72, 
 λmax (RT sol) (nm) λmax (hot sol) (nm) λmax (film) (nm) Eg, op (eV) HOMO (eV) LUMO (eV) 
P3HT 457 452 524,558,602 1.91 -4.64 -2.73 
F-P3HT 507,540,584 419,539,584 509,538,584 1.98 -5.10 -3.12 
P3OT 455 449 527,559,604 1.91 -4.70 -2.79 
F-P3OT 431,507,538,583 416 511,539,586 1.98 -4.99 -3.01 
P3EHT 443 432 490,526,567 2.03 -4.95 -2.92 
F-P3EHT 416 410 503,539,584 1.98 -5.20 -3.22 
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and 78 nm for F-P3HT, F-P3OT, P3HT and P3OT respectively), suggesting a greater 
planarity for the fluorinated polythiophenes. Extending the alkyl chain has a negligible effect 
on the absorption profile of the polymers, but fluorination clearly leads to a blue-shift and a 
more pronounced vibronic structure, the latter of which suggests increased backbone order. 
The spectral shape of F-P3HT in the thin-film is very similar to the aggregated form in room 
temperature DCB, once again confirming the insolubility of the material. The optical 
bandgap, derived from the absorption onset at low energies shows that fluorination of P3HT 
and P3OT leads to an increase from 1.91 to 1.98 eV in both cases.  
Reminiscent of the DSC characterisation, the branched 2-ethylhexyl derivatives show 
substantially different behaviour. Compared to the isomeric P3OT, P3EHT exhibits a much 
reduced red-shift upon film formation, with only a 58 nm shift observed. The vibronic 
structure is also much less apparent, and as a result of these observations it can be concluded 
that the branching of the alkyl chain impedes the backbone planarisation and cofacial 
aggregation.68 In stark contrast, F-P3EHT shows a red-shift of 93 nm upon thin-film 
formation, similar to the linear F-P3ATs. The absorption profile also shows a very 
pronounced vibronic structure, which is markedly different to P3EHT and suggests 
aggregation behaviour similar to linear P3AT derivatives. The implications of this are 
significant, as this suggests that the introduction of the fluorine atom counteracts the disorder 
induced by sidechain branching. As a consequence of the presumed increased planarity of F-
P3EHT, the effect of fluorination on the optical bandgap is different to what is observed for 
linear P3ATs. Indeed, while an increase is observed in the latter case, fluorination of P3EHT 
leads to a small reduction from 2.03 to 1.98 eV. It is probable that the extent of this 
aggregation induced red-shift is mitigated by the intrinsic blue-shifting effect of the fluorine 
atom, as observed in solution. 
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Figure 2-11 – Effect of thermal annealing on F-P3AT and P3AT polymers (P3HT and F-P3HT omitted as 
their behaviour mirrors P3OT and F-P3OT). The vibronic peaks are assigned where evident. Note: As spun 
film of P3EHT appears slightly different to that of Figure 2-10. (d), possibly due to fast spin speeds upon 
spin-coating. 
Thermal annealing 20 ºC below the melt has the same effect on the absorption of all polymers 
except P3EHT. While the latter shows a minor red-shift in the λmax (5 nm) with a slight 
enhancement of vibronic shoulders, the other polymers show a concomitant decrease in the 
intensity of the low-energy vibronic shoulder (0-0 transition) with an increase in the intensity 
of the higher energy shoulder (0-2 transition). This behaviour is consistent with an increase in 
H-aggregates, indicative of interchain coupling rather than intrachain (J-aggregates).72,73 The 
implication of this observation suggests that thermal annealing allows for a reorganisation of 
the polymer backbones into a more cofacial arrangement, thus promoting interchain vibronic 
coupling. In contrast to the other polymers, we note that as-spun F-P3EHT possesses a ratio 
of intensity between the 0-0 and 0-1 transitions that approaches unity, which has been 
attributed to a high proportion of J-aggregates.71,73 The spectral features are also reminiscent 
of P3HT nanofibers of pure J-aggregates.73,82,83 J-aggregation in F-P3EHT suggests that 
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despite having a planar backbone which leads to intrachain coupling, the bulky alkyl 
sidechains hinder the H-aggregation. The drastic change in the vibronic structure after 
thermal annealing suggests reorganisation of the polymer chains at the molecular level, 
allowing the formation of predominantly H-aggregates. Indeed, the annealed UV-vis 
spectrum shows very similar vibronic structure to H-aggregate P3HT nanofibers.73,82,83  
Intriguingly, P3EHT does not display the slow crystallisation behaviour previously 
reported.68,69 After annealing into the isotropic melt at 120 ºC then quenching to room 
temperature, the absorption spectrum of P3EHT exhibited minor broadening of the 
absorption into lower energy wavelengths within 15 minutes, with no increase in the 
absorption coefficient and no further changes observed. This contrasts with the report from 
Segalman et al., where a red-shift of ca. 20 nm and an increase in absorption coefficient of ca. 
10% is reported to occur within 10 minutes, along with a significant enhancement of the 
vibronic structure.68 The reasons for this different behaviour is unclear, however we note that 
molecular weight differences may play a role. Since the experiment studying this P3EHT 
batch was run, a related study published by the Segalman and Salleo groups showed that 
increasing the molecular weight of P3EHT from Mn = 6.5 to 22 kDa substantially slows down 
the crystallisation by a factor of 1.5-2.69 Thin-film thickness was also shown to influence the 
rate of crystallisation, with thick films (>80 nm) of the higher molecular weight polymer only 
showing substantial changes after 60 min. Considering that the batch of P3EHT synthesised 
for this comparison with F-P3ATs has an Mn = 29 kDa, molecular weight and film thickness 
could be an explanation for the lack of observable rapid crystallisation.  
2.3.3 Electronic Properties 
In order to assess the influence of fluorination on the energy levels of the polymer, and 
whether the electronegative fluorine atom stabilises the HOMO and LUMO levels as 
predicted, photoelectron spectroscopy in air (PESA) and ultraviolet spectroscopy (UPS) in 
high vacuum were performed. These techniques can provide important information regarding 
the ionisation potential (IP) of materials. PESA measurements provide a convenient and fast 
way of measuring the IP, as the measurements can be done in air. UPS on the other hand 
requires high-vacuum conditions, and thus can be used to measure the work-function of the 
material (i.e. the difference in energy between the Fermi level of the polymer and the local 
surface vacuum level). UPS also provides additional information such as the shape of the 
density-of-states (DOS).  
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PESA measurements on the polymers show that the IP increases with increasing size and 
bulk of the solubilising alkyl-chain. These increased steric interactions result in an increased 
backbone torsion, and consequently a decrease in the conjugation.4 This also manifests itself 
as an increase in the optical bandgap as observed in the UV-Vis spectra (see Section 2.3.2). 
Indeed, branching of the octyl sidechain to the 2-ethylhexyl sidechain results in a 0.25 eV 
increase in the ionisation potential. Fluorination of the P3ATs also leads to a considerable 
increase in the IP, and therefore stabilisation of the HOMO. Fluorination of P3HT results in a 
0.46 eV increase in IP, while the increase is less significant in the cases of P3OT and P3EHT, 
at 0.29 eV and 0.25 eV, respectively. The much more pronounced lowering of the HOMO in 
the case of F-P3HT is attributed in part to its lower molecular weight, which could limit the 
extent of conjugation and therefore the increase in HOMO associated with it. The strongly 
inductively withdrawing nature of the fluorine atoms clearly has the desired effect, and this is 
in agreement with many instances of backbone fluorination in conjugated polymers and 
PAHs, even with partial fluorination.84–89 The UPS measurements on P3OT and F-P3OT on 
the other hand show that the lowering of the Fermi level upon fluorination is 0.4 eV, 
suggesting that the seemingly overestimated IP of F-P3HT as measured by PESA may not be 
erroneous as first thought. The DOS profile of the valence band region is very similar for the 
two polymers studied, with the same local maxima attributed to the HOMO level and sp2-
hybridisation, and the same tailing states towards the Fermi level of the materials. The DOS 
does vary moderately in the deeper states, consistent with the presence of 2p orbitals of 
fluorine atoms.  UPS therefore suggests that the extent HOMO delocalisation in the thin-film 
is not significantly affected by fluorination, since the spectral shape of the onset of photon 
emission is dictated by the extent of delocalisation.90 
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Figure 2-12 – UPS spectra, showing a) the onset of the secondary edge, b) local density of states with enery 
relative to the Fermi level, and c) is an enlarged section of b). Figure reproduced with permission from Fei et 
al.67 
Because measuring the electron affinity of organic semiconductors (particularly those with 
high-lying LUMO levels) can be difficult (as is the case with P3AT derivatives), relative 
LUMO levels are routinely compared between polymers by adding the optical bandgap to the 
measured IP. The accuracy and even validity of this method is up to debate, as the optical 
bandgap inherently underestimates the fundamental bandgap due to the exciton binding 
energy associated with photoexcitation.91 However, within a series of related polymers, it is a 
useful approximation of change to the LUMO. With this in mind, the increase in the band gap 
observed upon fluorination of straight-chain P3ATs (ca. 0.07 eV) is much smaller than the 
increase in the ionisation potential (0.3-0.4 eV), suggesting that fluorination also stabilises 
the LUMO level and/or increases the exciton binding energy. The possible LUMO 
stabilisation however is less pronounced than for the HOMO, a behaviour that has been 
commonly reported for fluorinated conjugated polymers.84–89 
2.3.4 GIWAXS 
Grazing incidence wide-angle X-ray diffraction is a common tool for exploring the 
crystallinity of polymers. When diffraction peaks are present, they can provide information 
about the degree of crystallinity, crystallite orientation and size, as well as how the polymer 
chains pack at the molecular level. In some cases, unit-cell determination is even possible.70,92 
The semicrystalline nature of P3ATs means that these polymers exhibit good diffraction 
patterns, and they have therefore been studied in detail using GIWAXS. This provides a good 
reference to study the fluorinated derivatives and their crystallinity relative to non-fluorinated 
analogues. GIWAXS was performed on the F-P3ATs and their non-fluorinated derivatives. 
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Because of its low solubility, F-P3HT is difficult to cast as a uniform film and could therefore 
not be studied. Although F-P3OT film formation is also problematic for solubility reasons, 
optimisation of the solvent, solution and substrate temperature (TCB, 150 ºC) afforded films 
of sufficient quality to be studied by GIWAXS. For fair comparison, P3OT was also spin-cast 
from TCB, although the films were cast at room temperature. P3EHT and F-P3EHT were 
both cast from chloroform solution.  
 
Figure 2-13 – 2D GIWAXS diffraction patterns from as cast films of P3AT and F-P3AT. Figure reproduced 
with permission from Fei et al.67 
P3OT and F-P3OT thin-films show similar diffraction patterns, with clear lamellar reflection 
peaks of several orders (h00) along the out-of-plane direction (qz) and single order π-π 
stacking (010) reflection peaks in the in-plane direction (qxy), indicating edge-on alignment 
with the substrate. This is a typical signature for 2-dimensional P3AT crystallites, with order 
along the alkyl-chain direction in-plane with the thiophene rings (lamellar), and in the π-
stacking direction out of the plane of the polymer backbone.80 The d-spacing in the alkyl-
stacking direction decreases upon fluorination, with an increase in the d-spacing for the π-
stacking direction, which is indicative of lower crystallinity and perhaps less registry between 
the lamellae and pi-stacks. The coherence length, typically used as a metric for crystallite size, 
is also reduced in F-P3OT, further confirming the lower crystallinity. In addition, the 
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scattering intensities from the F-P3OT film are weaker and more arced, suggesting 
orientational disorder relative to the substrate. 
Table 2-5 – Summary of GIWAXS results for F-P3AT and P3AT analogues.67 
 Alkyl-stacking d-
spacing 
(Å) 
Alkyl-stacking 
coherence length 
(Å) 
π-stacking d-spacing 
(Å) 
π-stacking coherence 
length 
(Å) 
P3OT 19.57 ± 0.01 129 ± 2 3.88 ± 0.002 68 ± 1 
F-P3OT 19.07 ± 0.02 98 ± 2 3.91 ± 0.002 55 ± 2 
P3EHT 14.33 ± 0.01 188 ± 2 3.54 ± 0.002 28 ± 3 
F-P3EHT 13.67 ± 0.02 67 ± 2 3.82 ± 0.002 87 ± 28 
 
The diffraction pattern of F-P3EHT also shows significant differences with its non-
fluorinated counterpart. While P3EHT in our hands exhibited substantially similar diffraction 
peaks to those previously reported for the material,68 F-P3EHT only produced very weak 
diffraction. From the observable diffraction peaks, it is clear that the effect of fluorination on 
the crystallisation is even more pronounced than for the P3OT pair. The decrease in the 
lamellar d-spacing is larger in the branched case, and the π-stacking distance is drastically 
increased by 0.28 Å. The large decrease in the coherence length in the (h00) direction further 
supports the idea that crystallisation is disrupted by fluorination. While the coherence length 
in the π-stacking direction increases significantly for the F-P3EHT, the error on the 
measurement is much too large (likely due to weak diffraction intensities) to allow any 
conclusions to be drawn from it. 
2.3.5 Raman Spectroscopy and Computational Calculations 
At first glance, the above GIWAXS results suggest that fluorination of P3ATs leads to 
reduced backbone planarity and increased disorder. This is in stark contrast to other 
experimental observations such as DSC and UV-vis, which suggest increased planarity and 
aggregation. In order to elucidate this discrepancy, a combination of Raman spectroscopy and 
DFT calculations were carried out. Raman spectroscopy of polythiophene derivatives is a 
well-established method for providing information about the solid-state order in the polymer. 
Kim et al. used a combination of regioregular and regiorandom P3HT in order to deconvolute 
the C=C and C-C backbone stretching modes and quantify the ordered and disordered phases 
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of P3HT.93 The study also demonstrated that planarised and twisted P3HT backbones show 
different Raman scattering peaks due to the different bond-orders. A more planar backbone 
leads to greater conjugation, with the C=C and C-C bonds both approaching bond-orders of 
1.5. As a consequence, the corresponding Raman scattering modes are closer in energy in 
more planar conformations. These observations were confirmed by DFT calculations at the 
B3LYP/6-31G(d) level of theory. 
 
Figure 2-14 – DFT calculated (left) and experimental (right) normalised Raman scattering of P3AT and F-
P3AT with linear sidechain, showing the two main modes corresponding to the ring C-C and C=C stretches. 
Figure reproduced with permission from Fei et al.67 
While the Raman spectrum of P3OT is near identical to that of P3HT and exhibits the same 
C-C and C=C modes, F-P3OT also shows two sharp peaks in the similar region, though the 
relative intensities and positions differ considerably with P3OT. The modes of F-P3OT, 
assigned by DFT calculations, show that the low energy mode corresponds to the collective 
C-C stretch, while the higher energy peak arises from the collective C=C stretching mode. 
Fluorination of P3OT has a two-fold effect on the Raman modes: the peaks are shifted to 
higher energies, and the signal intensity corresponding to the C-C mode increases relative to 
the C=C signal. Such a shift in the relative intensities has been previously attributed to higher 
π-electron density in the C-C bonds as a result of increased backbone planarity.93 The 
concomitant shift of both stretching modes to higher energies suggests that fluorination leads 
to a slight reduction in the C-C and C=C bond lengths, an observation consistent with other 
reports.94 Not only does the Raman spectrum of F-P3OT suggest a more planar average 
conformation, but the narrowing of the C=C stretching mode suggests a smaller variation in 
conformations. This paints the picture of a more rigid, planar backbone compared to P3OT. 
In order to further probe this idea, the Raman spectra of the two polymers were monitored as 
a function of increased film temperature, under a nitrogen atmosphere to avoid possible 
C-C
Stretch
C=C
Stretch
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oxidative degradation. The films were heated to well beyond the respective melting 
temperatures of the polymers, with P3OT being heated to 300 ºC and F-P3OT up to 410 ºC. 
Despite a significant decrease in the peak intensities with increasing temperature (an effect to 
which P3OT is more sensitive), the peaks only show a slight shift to lower frequencies up to 
a critical point, where the spectral shape changes drastically in both polymers. These spectral 
changes are fully reversible with minimal hysteresis, excluding decomposition as the cause. 
In the case of P3OT, this sudden change occurs at a temperatures between 260-270 ºC and 
manifests itself as a shift in the C-C stretch to lower energy and the C=C stretch to higher 
energy, indicating greater torsional disorder in the backbone and reduced conjugation. For F-
P3OT, the critical point occurs at higher temperatures (300-310 ºC), and only the C=C stretch 
exhibits the characteristic shift to higher frequencies. Intermolecular effects can reasonably 
be discounted from causing these dramatic shifts, as both polymers exhibit this behaviour 
well into the isotropic melt phase (Melting points for P3OT and F-P3OT are ca. 190 and 250 
ºC respectively). Because the change in spectral shape of both polymers is consistent with a 
sudden decrease in conjugation, the fact that the transition happens at a much higher 
temperature for F-P3OT serves to confirm the increased rigidity of the polythiophene 
backbone upon fluorination.   
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Figure 2-15 – In-situ Raman scattering of a) P3OT upon heating to 300 ºC and b) F-P3OT upon heating to 
410 ºC. In-situ Raman scattering of P3OT upon c) heating and d) cooling to and from 300 ºC, normalised 
against the C=C stretch. In-situ Raman scattering of F-P3OT upon e) heating and f) cooling to and from 410 
ºC, normalised against the C=C stretch. Figure reproduced with permission from Fei et al.67 
DFT calculations were performed in order to support the Raman study. In the interest of 
reducing the computational workload, calculations on the P3AT and F-P3AT systems were 
simplified by reducing the alkyl-chain length to a single methyl group, and calculating the 
properties of a hexameric oligothiophene. The inter-ring torsional potential has been shown 
to drastically change from dimer to tetrameric oligothiophene, but begins to saturate from 6 
thiophene units.95 Considering the calculations were performed as part of our study are for 
qualitative purposes, the hexamer was deemed to strike a good balance between the 
dimishing returns of increasing the oligomer length and the consequent increase in 
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computational time. The length of the alkyl-chain has also been shown to impact the 
calculated torsional potential of inter-ring bonds.95 However, lengthening of the alkyl-chains 
in the computed structures leads to a drastic increase in the time taken for calculations to 
converge, principally due to the high number of non-hydrogen atoms and greater degrees of 
freedom of alkyl-chains. Again, because the aim of these calculations is a relative comparison 
between P3AT and F-P3AT backbones, the calculations were performed with a methyl group 
only, and using the B3LYP functional despite its known issues with over-delocalisation of 
the wavefunction (and consequent overestimation of torsional barriers and bias towards 
planar conformations).96,97  
As mentioned in Section 2.1 , the minimum energy conformation resulting from these 
calculations suggest a planar backbone in an F-P3AT hexamer, whereas the P3AT hexamer 
has an inter-thiophene dihedral angle of ca. 14º, in agreement with previous studies.95 The 
fact that the DFT calculations were performed on isolated hexamers in the gas-phase suggests 
that at least some of the fluorine-induced planarisation occurs intramolecularly, in agreement 
with the Raman spectroscopy data obtained experimentally. Perhaps as a consequence of the 
planarisation and greater conjugation upon fluorination, the inter-ring C-C bond length is 
decreased by 0.005 Å. In agreement with the blue-shift in the Raman scattering observed 
from P3OT to F-P3OT, the calculations also show a very slight contraction of all the ring 
bonds (0.005 Å and 0.002 Å for the C-C and C=C bonds respectively).  
 
Figure 2-16 – Left – Potential Energy Scan of central thiophene-thiophene bond in P3AT and F-P3AT 
hexamer. Right – Relative Boltzmann population of dihedral angles near the trans coplanar conformation, at 
room temperature. 
With the planarity of F-P3AT systems established, the increased rigidity was probed by 
performing a potential energy scan (PES) as a function of the dihedral angle of the central 
inter-ring bond (see Figure 2-16). The angle was increased at 10º intervals starting from the 
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trans-coplanar arrangement (±180º) of the central thiophene rings, and the structure of the 
hexamer was optimised with the central dihedral angle still fixed. The PES of P3AT clearly 
resembles the previously reported PES for a 3-hexyl substituted hexameric oligothiophene,95 
with equivalent global minima at ca. ±170º, and further local minima at ±30º. The difference 
in energy between these two minima is small, and well within thermal energy at room 
temperature (2.47 kJ mol-1). As expected, the global maxima appear at ±90º, consistent with 
the destabilisation resulting from breaking of the conjugation. The other two local maxima 
occur with the planar conformations, with the cis-coplanar confirmation being slightly higher 
in energy. The PES appears to have some very minor asymmetry, likely due to disorder in the 
dihedral angles of the methyl substituents.  
The PES of F-P3AT exhibits a similar general shape to that of P3AT, though the differences 
between them have significant implications. The global minimum of F-P3AT lies with the 
coplanar-trans conformation, and the two equivalent local minima at ±40º. The difference 
between these minima is comparatively larger than that of local minima for P3AT, indicating 
a stronger preference for the more linear trans-coplanar conformation. The maximum 
observed when the conjugation is broken (i.e. ±90º) is higher in F-P3AT than P3AT, but 
surprisingly remains lower in energy than the fully coplanar cis conformation. This suggests 
a very strongly destabilising steric interaction between the fluorine substituent and the alkyl 
chain from the adjacent ring. The implications of these differences with respect to possible 
distributions of conformations are threefold. Firstly, the minimum energy conformation in the 
fluorinated case is planar and linear. Secondly, the planar conformation is strongly favoured, 
mainly due to the greater difference in energy with the other two local minima and a much 
steeper potential energy profile around the global minimum. Finally, the barrier to rotation is 
increased substantially as a result of fluorination. This calculated increased barrier to rotation 
is consistent with the higher temperature required for F-P3OT to undergo the thermal event 
observed by Raman spectroscopy, and supports the idea that this event is related to the 
breaking of conjugation/barrier to rotation. 
Considering the issues of over-delocalisation of the wavefunction associated with the B3LYP 
functional, we decided to calculate the minimum energy conformation using a popular long-
range corrected functional (WB97XD) and a high basis set (6-311G(d,p)).98–100 This 
functional has been shown to provide good agreement with highly accurate (but 
computationally heavy) ab-initio methods when used for torsional potentials.100 The results 
show that P3AT exhibits a larger backbone twist than with the B3LYP functional (46º twist 
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for the central thiophene-thiophene link, see Figure 2-3). This is consistent with the reduced 
delocalisation error in the WB97XD functional. The minimum energy conformation of F-
P3AT optimised using WB97XD on the other hand still shows a completely planar backbone, 
confirming the planarising effect of the fluorine atom observed with the B3LYP functional. 
The intramolecular requirement of this fluorine-induced planarisation leads to two possible 
explanations. One is a through-space argument, which involves an interaction between the 
sulfur atom and the electron-rich fluorine atom. So-called S-F interactions have been 
suggested, both inter- and intramolecularly.101–105 Based on computational studies, some 
groups have disputed the validity of this argument and argue that any S-F interactions, while 
they may exist, are too weak to be of any significance at room temperature.97,100 A recent 
study has shown through computational experiments that donating substituents lead to an 
extension of conjugation and therefore planarisation.100 The fact that fluorine atoms can act as 
mesomerically donating substituents means that a resonance-induced planarisation is also 
envisageable.106,107 
  
Figure 2-17 – Selected section of minimum energy conformation at WB97XD/6-31G(d) level of theory, with 
partial Mulliken (left) and CHelpG (right) charges indicated on the atoms. The two computational methods 
produced opposite charges for the sulfur atom. 
We note that the partial Mulliken charges in the minimum energy conformation of F-P3AT 
show that sulfur atoms is partially positively charged, while the fluorine atoms is partially 
negatively charged. This observation is true regardless of whether B3LYP/6-31G(d) or 
WB97XD/6-311G(d,p) were used, and therefore gives some credit to a potential attractive S-
F interaction. However, Mulliken analysis is known to have several limitations, such as a 
heavy dependence on the basis-set and a failure to account for atom type and 
electronegativity.97,108 Computing the partial charges using the electrostatic potential method 
(CHelpG), which is much less dependent on the level of theory used than Mulliken analysis,97 
on the other hand indicates partial negative charges on the sulfur atom. Such discrepancies 
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between Mulliken and CHelpG in the partial atomic charge, even to the point of sign change, 
has been previously reported, though the reasons for it are unclear.108 Charges on sulfur atoms 
were particularly sensitive, as is the case with the P3AT and F-P3AT systems.108 The 
conflicting results from both approaches make it difficult to draw conclusions regarding S-F 
interactions, but the S-F distance of the minimum energy conformation of F-P3AT (2.82 Å) 
is well within the definition of a short-contact (any interatomic distance smaller than the sum 
of Van der Waals radii of non-bonded atoms involved). Since short-contacts are often viewed 
as indicators of non-bonding interactions, S-F interactions cannot therefore be discounted. 
The idea that fluorine atoms act as mesomerically donating groups and promote 
delocalisation on the other hand is supported by experimental and computational results. 
Indeed, the reduced stabilisation of the LUMO compared to the HOMO as suggested by IP 
and optical bandgap measurements (see Sections 2.3.3 and 2.3.2) is consistent with lone-pair 
donation into the LUMO level, thus counteracting the inductive withdrawing nature of 
fluorine atoms. The resulting increase in the optical bandgap is contrary to the narrowing of 
the HOMO-LUMO gap expected upon planarisation. This effect has been reported in a wide 
range of other fluorinated systems.88,106,109–111 Molecular orbital visualisation of the calculated 
F-P3AT structure shows the fluorine atoms contributes to the HOMO and LUMO, suggesting 
mesomeric donation of electron density into the π-system, and therefore possibly promoting 
the planarisation through bonding interactions. Experimentally, this π-electron donation can 
also be observed in the 1H NMR, where protons on or in proximity to the fluorinated 
thiophene ring are more shielded than for the non-fluorinated thiophene. 
 
Figure 2-18 – HOMO (top) and LUMO (bottom) visualisations of P3AT (left) and F-P3AT (right) hexamers 
as calculated at the B3LYP/6-31G(d) level of theory. Clearly evident is the contribution of the fluorine atom 
in F-P3AT towards both the HOMO and LUMO. 
2.4  OFET DEVICE PERFORMANCE 
For reasons outlined in Chapter 1 - , the extensive delocalisation of the HOMO across the 
conjugated backbone, along with the increased aggregation and planarisation upon 
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fluorination suggested an enhanced hole-transport could be observed in F-P3ATs compared 
to their non-fluorinated counterparts. However, since the mobility of P3AT systems is very 
sensitive to the overall film crystallinity,46 the results from the GIWAXS could lead to the 
belief that charge carrier mobility in F-P3ATs would therefore suffer. To elucidate the 
importance of these two seemingly contradictory observations, charge-carrier mobility was 
measured in OFET devices. Thin-films of the polymers were formed on top of substrates with 
gold source-drain contacts using a technique called zone-casting, before depositing the gate 
dielectric (PMMA), and finally thermally evaporating the gate electrode. Zone-casting was 
used as the semiconductor deposition technique due to the advantages it provides in the 
processing of less soluble materials.112–115 In this method, the heated solution is cast through a 
nozzle, onto the heated substrate. The substrate is then moved in one direction, which often 
allows for well-aligned films. This technique was particularly attractive for casting films of 
the less soluble F-P3HT and F-P3OT, since the temperatures of the solution and substrate can 
be controlled, thus avoiding issues of polymer precipitation. For the sake of comparison, all 
other polymers were also deposited in the same manner, from hot DCB. The gate dielectric 
used in the case of P3EHT and F-P3EHT was CYTOP, in order to maintain orthogonality of 
solublity between the particularly soluble P3EHT and the dielectric.  
Table 2-6 – Summary of OFET mobilities of F-P3ATs and their corresponding non-fluorinated analogues 
 µlin (cm2V-1s-1) µsat (cm2V-1s-1) 
 Average Maximum Average Maximum 
P3HT 0.088 0.13 0.16 0.49 
F-P3HT 0.14 0.26 0.22 0.47 
P3OT 0.14 0.18 0.13 0.18 
F-P3OT 0.70 0.81 0.44 0.53 
P3EHT 4.35 x 10-4 1.48 x 10-3 6.91 x 10-4 1.84 x 10-3 
F-P3EHT 2.46 x 10-3 6.45 x 10-3 3.09 x 10-3 6.66 x 10-3 
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Figure 2-19 – Transfer (left) and output (right) curves of P3HT (top) and F-P3HT (bottom) as examples of the 
semiconducting behaviour of the polymers in zone-cast OFET devices. Reproduced with permission from Fei 
et al.67 
All polymers showed p-type behaviour, with no evidence of ambipolar or electron-transport 
behaviour, likely due to the relatively high-lying LUMOs (despite fluorination) making it 
difficult for electron injection from the high-workfunction gold contacts.8 The devices all 
show low operational hysteresis, indicating fast response of the semiconductors to applied 
voltages, and suggesting good choice of dielectric.116 The fluorinated polymers exhibit lower 
off-currents and higher on-off ratios, and more importantly, significantly increased hole 
mobilities. The difference in mobility is most obvious in the octyl and 2-ethylhexyl pairs, 
where an enhancement of ca. 4-5-fold is observed. In the case of the P3HT/F-P3HT couple, 
the mobility is only doubled, though we attribute this principally to the much lower molecular 
weight of F-P3HT. Indeed, the hole mobility of P3HT has been shown to increase with 
molecular weight, especially in the low-molecular weight regime.75,117 
Because high charge-carrier mobility in polythiophene derivatives typically correlates well 
with high backbone planarity,118 these OFET results tend to confirm the multiple 
experimental observations that suggest greater backbone planarity and aggregation.  
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2.5  CONCLUSIONS 
After a thorough investigation of various synthetic pathways, a novel route to 3-fluorination 
of P3AT was developed. By introducing the fluorine atom early in the synthesis, further 
functionalisation is made much simpler, and improves the versatility of the route which can 
be carried out on a >10g scale, with a single purification step at the ultimate product. This 
purification was found to be the bottleneck for large-scale synthesis due to the requirement of 
reverse-phase chromatography, but it could likely be improved through the use of a well-
controlled distillation apparatus. The fluorinated monomers show similar reactivity to their 
non-fluorinated counterparts, with improved regioselectivity of the monomer activation for 
GRIM polymerisation. This allows for the synthesis of regioregular polymers with narrow 
polydispersities and controlled molecular weight, providing the solubility of the polymer is 
sufficient. 
The resulting polymers possess deeper frontier molecular orbitals (by ca. 0.3 eV for the 
HOMO and 0.2 eV for the LUMO) as measured by PESA and UPS, and the absorption 
spectra are marginally shifted to higher energy compared to their P3AT counterparts. F-
P3ATs show significantly higher melting points, and display an increased propensity towards 
aggregation in solution and in thin-film. This increased aggregation originates from the more 
planar conjugated backbones exhibited by the F-P3ATs, as observed by temperature 
dependent Raman spectroscopy. These studies, along with DFT calculations, suggest that the 
influence of the fluorine atom is principally intramolecular in nature, possibly due to through-
space S-F interactions, or mesomeric donation into the π-conjugated system. Interestingly, F-
P3EHT has sharp reversible thermal transitions and exhibits strong intramolecular vibronic 
coupling features in the solid-state absorption, despite possessing a branched side-chain that 
typically leads to large sterically-induced backbone twists and frustrates crystallisation on a 
short timescale. 
Surprisingly, the planarity of the F-P3AT polymers does not directly translate to longer-range 
order, at least not in the length-scales probed by GIWAXS. Indeed, F-P3ATs display typical 
signs of reduced crystalline order, with shrinking of the lamellar-diffraction, increasing π-π 
distances and lower coherence lengths. This leads to the belief that in these F-P3AT polymers, 
the more rigid and linear backbone, while promoting short-range aggregation, frustrate the 
long-range crystallisation typically observed in regioregular P3ATs. This is similar to case of 
P3HT, where crystallinity decreases and π-stacking distance increases with increasing 
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molecular weight, but hole mobility increases.119,120 Since the formation of larger crystallites 
in high molecular weight P3HT readily occurs intramolecularly through chain folding,80,83,120–
123 the rigidity and high barrier to rotation of thiophene links in F-P3ATs limits the ability of 
F-P3ATs to self-assemble, and perhaps explains the reduced long-range crystallinity relative 
to its nonfluorinated counterparts. What these polymers may lack in crystallinity, they likely 
make up in terms of aggregate interconnectivity thanks to their more planar and linear 
backbones. In addition, the energetic landscape is probably less disordered and more 
continuous as a result of the similar levels of co-planarity between thiophene rings and 
therefore π-conjugation. Given the important influence of these two factors when considering 
charge carrier mobility,75,80,124 it is not surprising that the F-P3ATs exhibit higher hole carrier 
mobilities than their P3AT equivalent. 
The results of this study on the backbone fluorination of P3ATs tend to confirm the general 
direction taken by the community in the recent years regarding the structure-property 
relationship of semiconducting polymers. The influence of fluorination on the frontier 
molecular orbitals in this system validate the idea that the high electronegativity of fluorine 
leads to inductive withdrawing effects, and therefore a deepening of the HOMO and LUMO 
levels. An increased aggregation upon the introduction of fluorine atoms in the backbone is 
also exhibited, an observation that has been extensively reported in the literature. Perhaps 
more surprising, but in line with the current beliefs of charge transport mechanisms,75 long-
range order and crystallinity are found to be less influential on OFET performance than 
shorter-range order, backbone planarity, and aggregate interconnectivity.  
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2.7  EXPERIMENTAL 
General: Reagents and chemicals were purchased from commercial sources such as Aldrich 
and Acros etc. unless otherwise noted. 2,3,5-tribromo-4-hexylthiophene,26 2,3,5-tribromo-4-
octylthiophene,125 3-bromo-4-hexyl-2,5-bis(trimethylsilyl)thiophene,26 3-fluoro-4-hexyl-2,5-
bis(trimethylsilyl)thiophene,26  2,5-dibromo-3-fluoro-4-hexylthiophene,26 and 2,5-
bis(trimethylsilyl)-3,4-dibromothiophene126 were synthesised by the reported methods. P3HT, 
P3OT and P3EHT were synthesised according to the GRIM polymerisation with LiCl.51  
 
All reactions were carried out under Argon using solvents and reagents as commercially 
supplied, unless otherwise stated. N-Fluorobenzenesulfonimide (NFSI) was dried overnight 
under high vacuum condition before use. 1H, 19F and 13C NMR spectra were recorded on a 
Bruker AV-400 (400 MHz), using the residual solvent resonance of CDCl3, o-DCB-d4 or d2-
1,1,2,2-tetrachloroethane and are given in ppm. Number-average (Mn) and Weight-average 
(Mw) were determined by Agilent Technologies 1200 series GPC running in chlorobenzene 
at 80°C, using two PL mixed B columns in series, and calibrated against narrow 
polydispersity polystyrene standards. Preparative GPC was performed using a Shimadzu 
recycling GPC system running in hexane at 40°C or chlorobenzene at 80°C, using Agilent 
PLgel 10µm 50A or MIXED-D column, DGU-20A3 Degasser, LC-20A Pump, CTO-20A 
Column Oven and SPD-20A UV Detector. Electrospray mass spectrometry was performed 
with a Thermo Electron Corporation DSQII mass spectrometer. UV-vis spectra were 
recorded on a UV-1601 Shimadzu UV-vis spectrometer. Flash chromatography (FC) was 
performed on silica gel (Merck Kieselgel 60 F254 230-400 mesh) or using a Biotage SNAP 
Cartridge, KP-C18-HS, 120g on a Biotage Isolera. Photo Electron Spectroscopy in Air 
(PESA) measurements were recorded with a Riken Keiki AC-2 PESA spectrometer with a 
power setting of 5nW and a power number of 0.5. Samples for PESA were prepared on glass 
substrates by spin-coating. Differential scanning calorimetry (DSC) measurements: ~3 mg 
material was used for the DSC experiments, which was conducted under nitrogen at scan rate 
of 10 ˚C/min with a TA DSC-Q20 instrument. Films for UV, Raman, GIWAXS and UPS 
measurements were prepared by spin-coating from hot (ca. 150 °C) solution in 1,2,4-
trichlorobenzene (10 mg/ml) at 3000 rpm. Grazing-incidence wide-angle X-ray scattering 
(GIWAXS) measurements were performed as the SAXS/WAXS beamline at the Australian 
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Synchrotron.127 9 keV photons were used with 2D scattering patterns recorded by a Dectris  
Pilatus 1M detector. The sample-to-detector distance was calibrated using a silver behenate 
standard. Scattering patterns were recorded as a function of X-ray angle of incidence, with 
the angle of incidence varied from 0.05º below the critical angle of the organic film to 0.2º 
above the critical angle. The images reported were just above the critical angle as identified 
by the angle with the highest scattering intensity. Data acquisition times of 3s were used, with 
three 1s exposures taken with offset detector positions to cover gaps in the Pilatus detector. 
X-ray diffraction data are expressed as function of the momentum transfer in the directions 
perpendicular to and parallel to the plane of the sample, qz and qxy respectively, which have a 
magnitude of (4π/l)sin(q), where q is half the corresponding scattering angle and l is the 
wavelength of the incident radiation. 
Raman spectra were measured using a Renishaw inVia Raman Spectrometer with 785 nm 
diode laser excitation. Laser power at the sample was 130 mW focussed to a 40 μm2 area. 
The photoluminescence background was subtracted from the spectra using a polynomial 
baseline and then the spectra were normalised to the main peak. A Linkam THMS600 hot-
cold cell purged with nitrogen was used to prevent polymer degradation as well as to control 
the temperature of the sample. For room temperature measurements the total laser exposure 
time was 25s, the exposure time for temperature dependent spectra was 10s. Starting from 
room temperature, the sample was heated at 10 °C/min to 300 °C or 410 °C, then held for 10 
mins before cooling at 10 °C/min. The temperature was held for 1 minute at every 10° 
interval in order to measure spectra.  
DFT calculations were carried out using the B3LYP hybrid functional and the 6-31G* basis 
set in the GAUSSIAN09 software package.128 Alkyl chains were replaced with a methyl 
group to simplify calculations and reduce computational time. Structures were first optimised 
and then a frequency analysis was used to simulate Raman activities in order to identify the 
Raman-active vibrational modes. Potential energy scans were performed upon hexamers 
using the redundant coordinate editor, and scanning the central dihedral angle in 36 steps of 
10° increments. 
Field effect transistors were fabricated on low-sodium glass with an interdigitated electrode 
structure with a channel length and width of 20 µm and 1 mm respectively. Electrodes were 
fabricated from gold via photolithography. Active layers were deposited via zone casting (5 
mg/ml solutions in 1,2-dichlorobenzene), solution temperature of 140°C, followed by thermal 
annealing at 140 °C. The process was performed in nitrogen For devices fabricated with 
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P3HT, P3OT and their fluorinated variants, electronic grade PMMA dissolved in anhydrous 
n-butyl acetate (45 mg/mL) was spin-coated onto the films (PMMA thickness ~550 nm). For 
P3EHT and F-P3EHT, CYTOP (500 nm) was used as the dielectric layer Following dielectric 
deposition which devices were thermally annealed again (90 °C for 30 min). In the final step, 
gold contact electrodes were evaporated through a shadow mask to complete the devices. 
Devices were characterised in nitrogen using an Agilent 4155B semiconductor parameter 
analyzer. 
 
Synthesis of 2, 3, 5-tribromo-4-(2-ethylhexyl)thiophene: 
Br2 (12.5 mL, 244 mmol) was added dropwise to a solution of 3-(2-ethylhexyl)thiophene (16 
g, 81 mmol) in acetic acid (100 mL) in the absence of light. After the addition of bromine, the 
mixture was stirred at room temperature for 2 h and heated to 60 °C overnight. The mixture 
was poured into ice water (300 mL) and neutralised with 5 M NaOH solution. The mixture 
was extracted by hexane (3 × 100 mL). The combined organics were washed by brine (2 × 
200 mL) and water (2 × 200 mL), dried (MgSO4), filtered and the solvent was removed in 
vacuo. The residue was purified by silica gel chromatography using petroleum ether 40 - 
60 °C as eluent to afford the product as a pale yellow oil (28.6g, yield: 81%). 1H NMR (400 
MHz, CDCl3) δ (ppm): 2.57 (d, J = 7.3 Hz, 2H), 1.77 -1.68 (m, 1H), 1.36 -1.21 (m, 8H), 0.92 
-0.88 (m, 6H). 13C NMR (CDCl3, 100 MHz) δ (ppm): 140.8, 116.3, 109.6, 109.0, 38.9, 35.3, 
32.5, 28.8, 25.7, 23.1, 14.2, 11.0. HRMS (EI)+ Calculated for C12H17Br3S: 429.8601; found: 
429.8615. 
Synthesis of 3-bromo-4-octyl-2,5-bis(trimethylsilyl)thiophene: 
A solution of n-BuLi (29.1 mL of a 2.5 M solution in hexanes, 72.7 mmol) was added 
dropwise to a solution of 2,3,5-tribromo-4-octylthiophene (15 g, 34.6 mmol) in THF (100 
mL) at -78 °C. After stirring for 15 min at -78 °C, chlorotrimethylsilane (9.7 mL, 76 mmol) 
was added in one portion. The cooling bath was removed and the reactant was allowed to 
warm to RT, followed by stirring for 0.5 h at RT. Water (100 mL) was added, and the 
mixture extracted (3 × 100 mL hexane). The combined organics were dried (MgSO4), filtered 
and the solvent was removed in vacuo. The residue was purified by silica gel chromatography 
using petroleum ether 40 - 60 °C as eluent to afford the product as a pale yellow oil (12.8 g, 
yield: 88%). 1H NMR (400 MHz, CDCl3) δ (ppm): 2.67 - 2.63 (m, 2H), 1.54 - 1.50 (m, 2H), 
1.37 - 1.28 (m, 10H), 0.88 (t, J = 6.9 Hz, 3H), 0.38 (s, 9H), 0.33 (s, 9H). 13C NMR (CDCl3, 
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100 MHz) δ (ppm): 150.1, 139.2, 138.8, 121.7, 31.9, 31.1, 30.9, 30.1, 29.4, 29.3, 22.7, 14.2, 
0.1, -0.8. HRMS (EI)+ Calculated for C18H35BrSSi2: 418.1181; found: 418.1181. 
Synthesis of 3-bromo-4-(2-ethylhexyl)-2,5-bis(trimethylsilyl)thiophene: 
A solution of n-BuLi (37.2 mL of a 2.5 M solution in hexanes, 93 mmol) was added dropwise 
to a solution of 2, 3, 5-tribromo-4-(2-ethylhexyl)thiophene (19.2 g, 44.3mmol) in THF (100 
mL) at -78 °C. After stirring for 15 min at -78 °C, chlorotrimethylsilane (12.4 mL, 98 mmol) 
was added in one portion. The cooling bath was removed and the reactant was allowed to 
warm to RT, followed by stirring for 0.5 h at RT. Water (100 mL) was added, and the 
mixture extracted (3 × 100 mL hexane). The combined organics were dried (MgSO4), filtered 
and the solvent was removed in vacuo. The residue was purified by silica gel chromatography 
using petroleum ether 40 - 60 °C as eluent to afford the product as a pale yellow oil (15.3 g, 
yield: 82%). 1H NMR (400 MHz, CDCl3) δ (ppm): 2.65 (d, J = 7.6 Hz, 2H), 1.82 - 1.76 (m, 
1H), 1.27 - 1.21 (m, 8H), 0.89-0.83 (m, 6H), 0.39 (s, 9H), 0.35 (s, 9H). 13C NMR (CDCl3, 
100 MHz) δ (ppm): 148.9, 139.8, 139.1, 122.3, 39.7, 35.3, 32.8, 29.0, 26.1, 23.1, 14.1, 11.3, 
0.7, -0.8. HRMS (CI) [M+H] Calculated for C18H36BrSSi2: 419.1260; found: 419.1270. 
Synthesis of 3-fluoro-4-octyl-2,5-bis(trimethylsilyl)thiophene: 
A solution of n-BuLi (6.3 mL of a 2.5 M solution in hexanes, 15.7 mmol) was added 
dropwise to a solution of 3-bromo-4-octyl-2,5-bis(trimethylsilyl)thiophene (6.0 g, 14.3 
mmol) in THF (200 mL) at -78 °C. After stirring for 15 min at -78 °C, N-
fluorobenzenesulfonimide (NFSI) (4.9 g, 17.2 mmol) in THF (50 mL) was slowly added, and 
the solution was stirred for 2 h at -78 °C and then stirred overnight with warming to RT. 
Water (100 mL) was added, and the mixture extracted  (3 × 100 mL hexane). The combined 
organics were dried (MgSO4), filtered and the solvent was removed in vacuo. The residue 
was purified by silica gel chromatography using petroleum ether 40 - 60 °C as eluent to 
afford the product as a pale yellow oil (2.7 g, yield: 52%).1H NMR (400 MHz, CDCl3) δ 
(ppm): 2.58 - 2.54 (m, 2H), 1.59 - 1.51 (m, 2H), 1.38 - 1.29 (m, 10H), 0.88 (t, J = 6.9 Hz, 3H), 
0.34 (s, 9H), 0.33 (s, 9H). 13C NMR (CDCl3, 100 MHz) δ (ppm): 163.4 (d, J = 261 Hz), 139.1 
(d, J = 24 Hz), 138.5, 122.0 (d, J = 30 Hz), 31.9, 30.8, 29.9, 29.4, 29.3, 28.2, 22.7, 14.1, -0.1, 
-0.5. 19F NMR (CDCl3, 377 MHz) δ (ppm): -122.0. HRMS (EI)+ Calculated for C18H35FSSi2: 
358.1982; found: 358.1989. 
Synthesis of 3-fluoro-4-(2-ethylhexyl)-2,5-bis(trimethylsilyl)thiophene: 
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A solution of n-BuLi (8.5 mL of a 2.5 M solution in hexanes, 21.3 mmol) was added 
dropwise to a solution of 3-bromo-4-(2-ethylhexyl)-2,5-bis(trimethylsilyl)thiophene (8.1 g, 
19.3 mmol) in THF (200 mL) at -78 °C. After stirring for 15 min at -78 °C, N-
fluorobenzenesulfonimide (6.6 g, 23.2 mmol) in THF (60 mL) was slowly added, and the 
solution was stirred for 2 h at -78 °C and then stirred overnight with warming to RT. Water 
(100 mL) was added, and the mixture extracted  (3 × 100 mL hexane). The combined 
organics were dried (MgSO4), filtered and the solvent was removed in vacuo. The residue 
was purified by silica gel chromatography using petroleum ether 40 - 60 °C as eluent to 
afford the product as a pale yellow oil (3.2 g, yield: 46%). 1H NMR (400 MHz, CDCl3) δ 
(ppm): 2.50 (d, J = 7.5 Hz, 2H), 1.65 - 1.61 (m, 1H), 1.28 - 1.17 (m, 8H), 0.90-0.84 (m, 6H), 
0.32 (s, 9H), 0.31 (s, 9H). 13C NMR (CDCl3, 100 MHz) δ (ppm): 164.9 (d, J = 260 Hz), 139.3, 
138.2 (d, J = 24 Hz), 119.3 (d, J = 30 Hz), 39.8, 32.7, 32.7, 28.8, 26.0, 23.0, 14.0, 11.0, 0.2, -
0.6. 19F NMR (CDCl3, 377 MHz) δ (ppm): -119.5. HRMS (EI) [M+H] Calculated for 
C18H36FSSi2: 359.2060; found: 359.2051. 
Synthesis of 2,5-dibromo-3-fluoro-4-octylthiophene: 
A solution of Br2 (0.79 mL, 15.3 mmol) in CH2Cl2 (10 mL) was added dropwise to a solution 
of 3-fluoro-4-octyl-2,5-bis(trimethylsilyl)thiophene (2.5 g, 7.0 mmol) in CH2Cl2 (50 mL) at 
0 °C in the absence of light. The reaction was allowed to warm to RT and stirred for 2 h. A 
saturated sodium sulfite solution (20 mL) was added. The aqueous phase was extracted with 
CH2Cl2 (2 × 30 mL). The combined organic phase was dried (MgSO4), filtered and the 
solvent was removed in vacuo. The residue was purified by silica gel chromatography using 
petroleum ether 40 - 60 °C as eluent, and followed by preparative GPC in hexane to afford 
the product as a colorless oil (2.2 g, yield: 86%). 1H NMR (400 MHz, CDCl3) δ (ppm): 2.52 
(m, 2H), 1.59 - 1.44 (m, 2H), 1.30- 1.27 (m, 10H), 0.88 (t, J = 6.9 Hz, 3H). 13C NMR (CDCl3, 
100 MHz) δ (ppm): 153.5 (d, J = 264 Hz), 132.3 (d, J = 23 Hz), 107.4 (d, J = 10 Hz), 89.4 (d, 
J = 23 Hz), 31.9, 29.3, 29.2, 29.1, 28.5, 27.1, 22.7, 14.1. 19F NMR (CDCl3, 377 MHz) δ 
(ppm): -124.2. HRMS (EI) + Calculated for C12H17Br2FS: 369.9402; found: 369.9412. 
Synthesis of 2,5-dibromo-3-fluoro-4-(2-ethylhexyl)thiophene: 
A solution of Br2 (0.72 mL, 14.1 mmol) in CH2Cl2 (10 mL) was added dropwise to a solution 
of 3-fluoro-4-(2-ethylhexyl)-2,5-bis(trimethylsilyl)thiophene (2.5 g, 7.0 mmol) in CH2Cl2 (50 
mL) at 0 °C in the absence of light. Then the reactant was allowed to warm to RT and stirred 
for 2 h. A saturated sodium sulfite solution (20 mL) was added. The aqueous phase was 
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extracted with CH2Cl2 (2 × 30 mL). The combined organic phase was dried (MgSO4), filtered 
and the solvent was removed in vacuo. The residue was purified by silica gel chromatography, 
using petroleum ether 40 - 60 °C as eluent, and followed by preparative GPC in hexane to 
afford the product as a colorless oil (1.98 g, yield: 83%). 1H NMR (400 MHz, CDCl3) δ 
(ppm): 2.43 (d, J = 7.5 Hz, 2H), 1.63 - 1.58 (m, 1H), 1.31- 1.18 (m, 8H), 0.90-0.82 (m, 6H). 
13C NMR (CDCl3, 100 MHz) δ (ppm): 153.6 (d, J = 264 Hz), 131.8 (d, J = 23 Hz), 107.9 (d, 
J = 10 Hz), 89.3 (d, J = 23 Hz), 31.9, 29.3, 29.2, 29.1, 28.5, 27.1, 22.7, 14.1. 19F NMR 
(CDCl3, 377 MHz) δ (ppm): -123.2. HRMS (EI) + Calculated for C12H17Br2FS: 369.9402; 
found: 369.9393. 
Synthesis of 2,5-bis(trimethylsilyl)-3-bromo-4-fluorothiophene: 
A solution of t-BuLi (8.0 mL of a 1.7 M solution in pentane, 13.6 mmol) was added dropwise 
to a solution of 2,5-bis(trimethylsilyl)-3,4-dibromothiophene (5.0 g, 13 mmol) in diethyl 
ether (150 mL) at -78 °C. After stirring for 10 min at -78 °C, NFSI (4.22 g, 14.9 mmol) in 
THF (7 mL) was added dropwise, and the solution was stirred for 2 h at this temperature and 
then stirred overnight with warming to RT. Water (100 mL) was added, and the mixture 
extracted (3 × 100 mL diethyl ether). The combined organics were dried (MgSO4), filtered 
and the solvent was removed in vacuo. The residue was purified by reverse phase 
chromatography using methanol as eluent to afford the product as a colorless oil (2.1 g, yield: 
50%). 1H NMR (400 MHz, CDCl3) δ (ppm): 0.39 (s, 9H), 0.33 (s, 9H). 13C NMR (CDCl3, 100 
MHz) δ (ppm): 160.1 (d, J = 260 Hz), 139.6, 120.5 (d, J = 30 Hz), 107.7 (d, J = 30 Hz), -0.8, 
-1.3. 19F NMR (CDCl3, 377 MHz) δ (ppm): -117.7. HRMS (EI) + Calculated for 
C10H18BrFSSi2: 323.9835; found: 323.9830. 
Synthesis of 3-fluoro-4-octyl-2,5-bis(trimethylsilyl)thiophene: 
Octylmagnesium bromide (3.33 mL of a 2 M solution in diethyl ether) was added to a stirred 
solution of zinc chloride (6.66 mL of a 1 M solution in diethyl ether) under argon. The 
solution was stirred for 30 min, before being added to a dry 20 mL high pressure microwave 
reactor tube containing 2,5-bis(trimethylsilyl)-3-bromo-4-fluorothiophene (1.67 g, 5.13 
mmol) and [1,1′-bis(diphenylphosphino)ferrocene]dichloropalladium(II) dichloromethane 
complex (0.34 g, 0.46 mmol). The tube was sealed and flushed with Ar, and heated overnight 
at 80 °C (oil bath temperature). After cooling to RT, the mixture passed through a silica plug 
using hexane as eluent, and the organic solvent was removed in vacuo. The residue was 
purified by reverse phase chromatography using methanol as eluent to afford the product as a 
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pale yellow oil (0.79 g, 43%), which exhibited identical NMR spectra to that reported earlier 
(Page 88). 
Synthesis of 3-fluoro-4-(2-ethylhexyl)-2,5-bis(trimethylsilyl)thiophene: 
In a dry 20 mL high pressure microwave reactor tube was added 2,5-bis(trimethylsilyl)-3-
bromo-4-fluorothiophene (1.0 g, 3.1 mmol) and Pd(dppf)Cl2 (0.11 g, 0.15 mmol). The tube 
was sealed and flushed with Ar, and then dry, degassed THF (10 mL) and (2-ethylhexyl)zinc 
bromide (7.4 mL of a 0.5 M solution in THF, 3.7 mmol) were added. The solution was 
thoroughly degassed under Argon, and the reaction heated overnight at 80 °C (oil bath 
temperature). After cooling to RT, the mixture passed through a silica plug using hexane as 
eluent, and the organic solvent was removed in vacuo. The residue was purified by reverse 
phase chromatography using methanol as eluent to afford the product as a pale yellow oil 
(0.34 g, 31%), which exhibited identical NMR spectra to that reported earlier. 
Synthesis of poly[3-fluoro-4-hexylthiophene-2,5-diyl] (F-P3HT): 
In a 3-necked flask, a solution of 2,5-dibromo-3-fluoro-4-hexylthiophene (1.02 g, 2.96 mmol) 
in anhydrous THF (20 mL) was cooled to 0 °C. A solution of isopropylmagnesium chloride 
lithium chloride complex (2.21 mL of a 1.3 M solution in THF, 2.88 mmol) was added via 
syringe and the cooling bath was removed. After stirring for 30 min at RT, the catalyst 
Ni(dppp)Cl2 (8.0 mg, 0.015 mmol) in THF (1 mL) was added in one portion. The reaction 
was refluxed for 4 h, and allowed to cool to RT. The reaction mixture was precipitated into a 
well-stirred solution of methanol (40 mL) / 25% HCl (10 mL) and stirred for 1 h. The 
resulting suspension was filtered directly into a soxhlet thimble. This was extracted (soxhlet) 
with methanol, acetone, hexane, chloroform and chlorobenzene. The chlorobenzene solution 
was concentrated and precipitated into methanol, and the precipitant was filtered and dried 
under vacuum to afford a dark solid (167 mg, yield: 30%, rr = 93%). 1H NMR (1,2-
dichlorobenzene-d4, 400MHz, 130 ºC), δ (ppm): 2.99 (broad, 2H), 1.93-1.86 (broad, 2H), 
1.58-1.46 (broad, 6H), 1.04 (broad, 3H).  
Synthesis of poly[3-fluoro-4-octylthiophene-2,5-diyl] (F-P3OT): 
In a 3-necked flask, a solution of 2,5-dibromo-3-fluoro-4-octylthiophene (0.82 g, 2.20 mmol) 
in anhydrous THF (18 mL) was cooled to 0 °C. A solution of isopropylmagnesium chloride 
lithium chloride complex (1.65 mL of a 1.3 M solution in THF, 2.14 mmol) was added via 
syringe and the cooling bath was removed. After stirring for 30 min at RT, the catalyst 
Ni(dppp)Cl2 (6.0 mg, 0.011 mmol) in THF (1 mL) was added in one portion. The reaction 
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was refluxed for 4 h, and allowed to cool to RT. The reaction mixture was precipitated into a 
well-stirred solution of methanol (40 mL) / 25%. HCl (10 mL) and stirred for 1 h. The 
resulting suspension was filtered directly into a soxhlet funnel. This was extracted (soxhlet) 
with methanol, acetone, hexane, chloroform and chlorobenzene. The chlorobenzene solution 
was concentrated and precipitated into methanol, and the precipitant was filtered and dried 
under vacuum to afford a dark solid (210 mg, 44%, Mn = 23K, PDI = 1.8, rr = 96%).1H 
NMR (1,1,2,2-tetrachloroethane-d4, 400MHz, 130 ºC), δ (ppm): 2.82 (broad, 2H), 1.75-1.72 
(broad, 2H), 1.44-1.37 (broad, 10H), 0.96 (broad, 3H). 19F NMR (1,1,2,2-tetrachloroethane-
d4, 400MHz, 130 ºC) δ (ppm): -123.0. 
Synthesis of Poly[3-fluoro-4-(2-ethylhexyl)thiophene-2,5-diyl] (F-P3EHT): 
In a 3-necked flask, a solution of 2,5-dibromo-3-fluoro-4-(2-ethylhexyl)thiophene (0.86 g, 
2.31 mmol) in anhydrous THF (18 mL) was cooled to 0 °C. A solution of 
isopropylmagnesium chloride lithium chloride complex (1.72 ml of a 1.3 M solution in THF, 
2.24 mmol) was added via syringe and the cooling bath was removed. After stirring for 30 
min at RT, the catalyst Ni(dppp)Cl2 (6.2 mg, 0.012 mmol) in THF (1 mL)  was added in one 
portion. The reaction was refluxed for 4 h, and allowed to cool to RT. The reaction mixture 
was precipitated into a well-stirred solution of methanol (40 mL) / 25% HCl (10 mL) and 
stirred for 1 h. The resulting suspension was filtered directly into a soxhlet funnel. This was 
extracted (soxhlet) with methanol, acetone, hexane and chloroform. The chloroform solution 
was concentrated and precipitated into methanol, and the precipitant was filtered and dried 
under vacuum to afford a dark solid (307 mg, 62%, Mn = 28K, PDI = 1.3, rr = 96%). 1H 
NMR (1,1,2,2-tetrachloroethane-d4, 400MHz, 130 ºC), δ (ppm): 2.68 (broad, 2H), 1.67 
(broad, 1H), 1.33-1.24 (broad, 8H), 0.87-0.85 (broad, 6H). 19F NMR (1,1,2,2-
tetrachloroethane-d4, 400MHz, 130 ºC) δ (ppm): -121.6. 
Synthesis of 2,5-dichloro-3-octylthiophene: 
In a 100 mL round-bottom flask, 3-octylthiophene (1.24 g, 6.31 mmol) was dissolved in 
glacial acetic acid (5 mL). The flask was covered in foil, and N-chlorosuccinimide (1.93g, 
14.5 mmol) was added in one portion, and the reaction stirred overnight. The reaction 
mixture was quenched with water, extracted with diethyl ether, washed with 2M NaOH 
solution, and dried over MgSO4. The organic solvent was removed in vacuo, and the crude 
product was purified by silica-gel chromatography using petroleum ether (40-60 °C) to afford 
the product as a colourless oil (900 mg, 54%). 1H NMR (400 MHz, CDCl3) δ (ppm): 6.63 (s, 
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1H), 2.49 (d, J = 7.6 Hz, 2H), 1.63 – 1.45 (m, 2H), 1.36 – 1.23 (m, 10 H), 0.88 (d, J = 13.5 
Hz, 3H). 13C NMR (CDCl3, 100 MHz) δ (ppm): 139.28, 126.95, 125.57, 121.40, 31.88, 29.73, 
29.46, 29.34, 29.23, 29.13, 28.04, 22.69, 14.13. HRMS (EI) + Calculated for C12H18SCl2: 
264.0506; found: 264.0498. 
Synthesis of 2,5-dichloro-3-fluoro-4-octylthiophene: 
N,N-diisopropylamine (474 mg, 4.69 mmol) was dissolved in dry THF (10 mL) under argon 
and cooled to -20 °C, and to solution was added n-BuLi (1.54 mL, 2.47M in hexanes) 
dropwise. The solution was stirred for 1h, and then used immediately 
2,5-dichloro-3-octylthiophene (776 mg, 2.93 mmol) was dissolved in dry THF (20 mL) under 
argon, and cooled to -78 °C. To the stirring solution was added freshly prepared LDA 
solution (12.2 mL, 0.31 M in THF/hexanes) dropwise, keeping the internal temperature at -
70 °C. The reaction mixture was stirred at this temperature for 3 hours, before adding a 
solution of dry NFSI (1.43 g, 4.53 mmol) in dry THF (6 mL) dropwise while maintaining the 
temperature at -70 °C. The reaction was stirred at this temperature for 3h, then left to reach 
room temperature overnight. The reaction mixture was filtered, extracted with hexane (2 x 
100 mL) and washed with water (3 x 100 mL), before being dried over magnesium sulphate. 
The organic solvent was removed in vacuo, and the crude product was purified by silica-gel 
chromatography using petroleum ether (40-60 °C) as eluent to yield impure product (ca. 
90 %) as a colourless oil (310 mg, 37%). 
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3.1  BACKGROUND 
With microstructure playing such a key role in the charge transport and transfer properties 
(and therefore device performance) of conjugated polymers (see Section 1.3 ), block 
copolymers naturally appear as useful tools for tailoring the thin-film morphology. The 
propensity of block copolymers to self-assemble down to the nano-scale is of particular 
interest in the field of OPV,1,2 where phase separation of the donor and acceptor on the order 
of 10-100 nm is required (see Section 1.3.2). Several approaches have been made to tether 
two or more light-absorbing polymers to form a block copolymer,1,3–8 with some attempts 
focusing on one block being the donor and the other the acceptor.9–11 The chief objective is 
that the blocks spontaneously phase-separate on the necessary length scales for efficient 
charge separation, transport and collection. With the thermal stability of all-polymer and 
polymer-fullerene blend microstructures being particularly problematic, block copolymers 
propose an alluring solution.12 When block copolymers are used as additives in bulk 
heterojunction active layers, the morphology of the resulting ternary blend can be more stable 
over long periods of time, even under thermal annealing.7,13,14 
However, the synthesis of block copolymers can be difficult to control, particularly in the 
case of step-growth polymerisations that are often used to synthesise conjugated polymers, 
like the Stille polycondensation. This approach often affords a mixture of di- and triblock 
copolymers, which adds to the complexity of the system and makes batch-to-batch 
reproducibility difficult.1 Particularly problematic is the lack of control over the block lengths 
and molecular weight. Indeed, the relative block lengths play a key role in the morphology 
control and the self-assembly behaviour of these polymers.15,16 The GRIM polymerisation 
(see Section 1.5 ) is a popular method to synthesise block copolymers because its chain 
growth-like behaviour avoids any issues of triblock copolymers, and also provides good 
control over the molecular weight and relative block lengths.17–23 In addition to enabling the 
formation of a diblock copolymer in situ, the GRIM polymerisation can lead to controlled 
end-functionalisation (see Chapter 6 - ).21 This can then be used as a handle for further 
applications such as macroinitiation,3,14,24 endcapping,25 and grafting.26–29 Despite the GRIM 
polymerisation method having limited scope and functional group tolerance, its advantages in 
terms of synthetic control mean that it is one of the most common methods for synthesising 
fully conjugated block copolymers. 
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Since the backbone flexibility of each block has a crucial impact on the self-assembly of a 
block copolymer,30 the properties of polythiophene-based block copolymers can potentially 
be tuned by fluorination and the resulting increased backbone rigidity it incurs (see Chapter 2 
- ). As an initial exploration of this, two block copolymers of P3OT and F-P3OT with 
different relative block lengths were synthesised, and their thermal properties as well as the 
evolution of the UV-vis and Raman spectra with temperature were compared with the 
corresponding blends of P3OT and F-P3OT.  
3.2  SYNTHESIS 
The homopolymers P3OT and F-P3OT were synthesised via GRIM polymerisation from the 
activated monomers M-H and M-F, reported in Chapter 2 - .31 The polymers were then 
purified by Soxhlet extraction, washing sequentially with methanol, acetone and hexane (and 
chloroform for F-P3OT). P3OT was then extracted using chloroform, and F-P3OT with 
chlorobenzene. 
 
The P3OT-b-F-P3OT copolymers were synthesised by GRIM polymerisation using a method 
analogous to that used for thiophene-selenophene block copolymers,19 with the more soluble 
P3OT block grown first from the activated monomer M-H followed by the addition of 
activated M-F to the P3OT macroinitiator. Block lengths were controlled by varying the 
relative feed ratios of M-H and M-F. In order to probe the effect of block lengths on the 
polymer properties, 1:3 and 3:1 feed ratios of M-H to M-F were used respectively.  
The block copolymers were initially purified by Soxhlet extraction, washing sequentially 
with methanol, acetone and hexane. In order remove any homopolymer (particularly P3OT) 
that may have been produced through chain termination prior to the addition of M-F, the 
polymers produced had to be washed with a solvent that could selectively dissolve P3OT, but 
not dissolve the block-copolymers. Since the F-P3OT block decreases the overall solubility 
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Scheme 3-1 – Grignard metathesis polymerisation method of synthesising the diblock copolymer. Relative 
block lengths are modified by changing the feed ratio of M-H to M-F. 
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of the polymers, this was easily achieved in the case of the polymer resulting from a 1:3 feed. 
Indeed, the diblock polymer being insoluble in chloroform and P3OT exhibiting excellent 
solubility in this solvent, P3OT homopolymer was removed by Soxhlet extraction with 
chloroform. On the other hand, the comparatively smaller difference in solubility between 
P3OT and the P3OT-b-F-P3OT resulting from a 3:1 feed meant that this approach was not 
feasible. In that case, washing with dichloromethane resulted in a demonstrable removal of 
P3OT homopolymer, as indicated by the DSC thermogram (see Figure 3-1). It is worth 
noting that shallow thermal transitions in the regions expected for P3OT are still present in 
this block copolymer, and may be due to a small fraction of higher molecular weight P3OT 
that could not be removed by dichloromethane washing due to poorer solubility. However, 
this could also be due to phase separation and crystallisation of the P3OT block (vide infra). 
 
Figure 3-1 – Differential scanning calorimetry thermogram (10 K/min) of P3OT-b-F-P3OT 2:1 before (black) 
and after (red) washing with DCM. The reduction in the thermal transitions occurring below 200 ºC attributed 
to P3OT indicate that a substantial amount of P3OT homopolymer was present in the crude polymer, but was 
washed out by DCM. 
The true relative block lengths were calculated from the 1H NMR spectra of the purified 
polymers, based on the relative intensities of the signals assigned to the methylene protons 
adjacent to the thiophene ring (Figure 3-2). The chemical shifts of the methylene protons for 
the fluorinated and non-fluorinated polymers are quite distinct, with the fluorinated block 
apparent as a triplet at 2.82 ppm, in very close agreement to the signal observed for the pure 
F-P3OT.  In comparison, the non-fluorinated block occurs as a distinct triplet at 2.89 ppm, 
demonstrating the shielding effect of the ortho-fluorine. Head-to-head and tail-to-tail coupled 
repeat units appear at 2.65 ppm for both blocks, as verified by 1H NMR of homopolymers in 
1,1,2,2-tetrachloroethane-d2. The 19F NMR shows a single peak in both cases, demonstrating 
that these polymers are indeed block copolymers with little mixed region within a polymer 
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chain. Integration of the methylene regions in the 1H NMR indicates that the ratio of the two 
blocks deviates from the feed ratio, with a ratio P3OT-b-F-P3OT 2:1 and P3OT-b-F-P3OT 
1:4 found (c.f. 3:1 and 1:3 feed ratios respectively).  
The reason for the discrepancy between the feed ratio and the true block lengths in P3OT-b-
F-P3OT 2:1 is unclear, and may be attributed to unexpected chain termination during the 
growth of the P3OT block. This theory is consistent with the large amount of P3OT 
homopolymer that was removed from the crude product upon Soxhlet extraction as indicated 
by DSC. In the case of P3OT-b-F-P3OT 1:4, the discrepancy likely arises from the fact that 
the activated M-H monomer is intrinsically comprised of ca. 20% of a regioisomer which is 
unreactive towards GRIM polymerisation. This results in a reduced effective concentration of 
M-H relative to M-F, since in M-F the regioselectivity of the monomer activation is over 
95% (see Chapter 2 - ). 
 
P3OT-b-F-P3OT 2:1 exhibited a molecular weight Mn of 55 kDa as measured by GPC in hot 
chlorobenzene. This is in reasonable agreement with the ratio of H and F blocks as 
determined by 1H NMR, and the Mn of a sample taken prior to the addition of M-F, which 
showed an Mn of 31 kDa.   
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Figure 3-2 – Selected region of the 1H NMR (d2-TCE at 403 K) of P3OT-b-F-P3OT produced with 3:1 (left) 
and 1:3 (right) monomer feed ratios. The signals correspond to the methylene protons adjacent to the 
thiophene ring.  
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Figure 3-3 – Gel Permeation Chromatography trace during the synthesis of P3OT-b-F-P3OT 2:1. The black 
trace is the P3OT macroinitiator sample taken prior to the addition of M-F, and the red trace is P3OT-b-F-
P3OT 2:1 after Soxhlet purification. 
Despite having slightly better solubility than the homopolymer of F-P3OT, the solubility of 
P3OT-b-F-P3OT 1:4 in chlorobenzene was nevertheless too low to be able to measure the 
molecular weight by GPC on our instrument. A sample taken prior to the addition of M-F 
showed the molecular weight Mn of the P3OT block was 15 kDa, putting the final Mn at ca. 
75 kDa when accounting for the 1H NMR ratios of H to F blocks.  
The ionisation potentials (IP) of both polymers were measured by photoelectron spectroscopy 
in air (PESA), and showed that in such a scenario IP is mostly defined by the most abundant 
block. Indeed, the 2:1 block copolymer has an IP of 4.83 eV, slightly deeper than that of 
P3OT (4.70 eV) measured by the same technique, while the 1:4 copolymer had an IP of 5.03 
eV, which is within experimental error (± 0.05 eV) of the IP of F-P3OT (4.99 eV). 
3.3  UV-VIS AND THERMAL BEHAVIOUR 
With the polymers satisfactorily purified, thin-film UV-vis spectra and DSC thermograms 
were measured in order to compare the bulk properties and thermal behaviour. As discussed 
in Section 2.3.2, the thin film UV-vis absorption of polythiophene derivatives can provide 
some information about the molecular order of the polymer chains via the interpretation of 
the vibronic shoulders. In the case of mixtures and block copolymers this is somewhat 
complicated by the differences in absorption profiles of the components, which can lead to 
convolution. The absorption spectrum of a polymer blend typically corresponds to the sum of 
the absorptions of the component polymers (assuming phase separation occurs). Making use 
of complimentary absorption profiles for harvesting greater portions of the solar spectrum is 
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thus one of the main advantages of all-polymer photovoltaic devices.12,32–34 The absorption 
spectra of block copolymers varies according to the system studied and processing conditions, 
since spontaneous phase separation is more difficult than in the case of polymer blends due to 
the chromophores being tethered. For example, in a polythiophene-polyselenophene block 
copolymer, isothermal recrystallisation of the film results in an absorption profile that 
perfectly matches the linear combination of the homopolymers.19 On the other hand, the 
absorption spectra of as spun block copolymers of P3HT with an analogue containing a 
ketone-functionalised side chain do not seem to linearly correlate to the composition ratio.35,36  
 
Figure 3-4 shows the absorption spectra of P3OT-b-F-P3OT in 2:1 and 1:4 ratios, as spun 
(see Figure 3-5 for overlay of both block copolymers and their corresponding blends). Also 
presented in Figure 3-4 are the absorption profiles of spin coated blends of P3OT and F-
P3OT in the same ratios, as well as the weighted linear combination of the as spun absorption 
spectra of pure P3OT and F-P3OT polymers. All films were spin cast from hot 1,2,4-
trichlorobenzene for comparison purposes. In the 2:1 ratio, all absorption profiles appear 
subtly different, both in terms of the peak positions and the vibronic structure. The block and 
blend films exhibit a slightly blue-shifted absorption maxima compared to the linear 
combination of homopolymers, as well as a more pronounced vibronic structure. Since F-
P3OT homopolymer has a blue-shifted absorption with more vibronic structure than P3OT 
(see Section 2.3.2), it can be deduced that the absorption profile of the block and blends are 
dominated by F-P3OT sections of the mixture, despite it having a lower concentration and 
absorption coefficient (see Chapter 4 - ).  
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Figure 3-4 – Thin film UV-vis absorption of the two P3OT-b-F-P3OT polymers (red line), overlaid with the 
UV-vis absorption spectra of a blend of P3OT and F-P3OT in the same ratio (blue line). The dotted line 
indicates the corresponding sum of the UV-vis absorption of P3OT and F-P3OT, weighted according to the 
composition. Thin films were spin cast from hot 1,2,4-trichlorobenzene. 
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Unsurprisingly therefore, the films in 1:4 ratios have approximately the same absorption 
profile, with the peak positions being nearly identical to the F-P3OT homopolymer. Although 
the multi-component nature of the systems likely complicates the interpretation of the 
vibronic structure in relation to the order in the thin film, it is worth noting that the vibronic 
structure of the block copolymers in both cases is less pronounced than for the corresponding 
blend. This likely indicates less inter- and intrachain coupling, and possibly a frustration of 
the crystallisation and phase separation in the case of these block copolymers. 
Differential scanning calorimetry (DSC) was therefore used to probe the crystallisation 
behaviour of the thin films. Rather than investigating the melting transitions of bulk polymer 
powders, which are not always representative of films cast from solution, thin films were cast 
and then scraped off the substate to be measured. Due to the poor solubility of the polymers 
with high fluorine content, the film thicknesses achievable when spin coating were low, and 
dropcasting onto a hot substrate was used instead. The DSC thermograms of the resulting 
films are shown in Figure 3-5.  
 
Immediately obvious from these thermograms is the prominence of a high-temperature (>240 
ºC) melting transition, in all cases except pure P3OT (ca. 180 ºC). This transition can 
reasonably be attributed to the fluorinated block/polymer portion, due to is close proximity 
with the melting point of F-P3OT homopolymer. As in the UV-vis spectra, the domination of 
F-P3OT features is evident, particularly in the 2:1 blend, which despite containing twice the 
amount of P3OT than F-P3OT still shows a much sharper and evident higher temperature 
melting transition characteristic of F-P3OT. The fact that the 2:1 blend undergoes two melts 
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Figure 3-5 – Overlay of thin film UV-Vis spectra (left) of the two block copolymers and the corresponding 
P3OT/F-P3OT blends. Thin films were spin cast from hot 1,2,4-trichlorobenzene. Differential scanning 
calorimetry thermograms (right) of dropcast films of the same samples. For comparison, thermograms of 
P3OT and F-P3OT as dropcast films is also included. Only the heating curve (10 ºC/min) is shown. Note that 
the peak observed at ca. 85 ºC in all traces is an artefact resulting from the instrument. 
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closely corresponding to each component polymer suggests that it has enough phase 
separation to allow both polymers to crystallise in discrete and pure domains. On the other 
hand, in the 1:4 blend the melting transition of P3OT is absent. These observations may be 
explained by the greater melting enthalpy of the crystalline phase of F-P3OT compared to 
P3OT (28 and 17 J/g respectively, see Section 2.3.1), which could result in a masking of the 
P3OT melt in the baseline. However, the apparent suppression of the P3OT melt could also 
be explained by some degree of frustration of the P3OT crystallisation, likely due to the 
earlier precipitation of F-P3OT from solution.  
P3OT-b-F-P3OT in a 1:4 ratio displays much the same melting behaviour as the 
corresponding blend, although the onset of melting is slightly lower. This may be explained 
by the short P3OT segments, which although may be too short to cause phase separation and 
crystallise themselves, likely disrupt the crystallisation of the F-P3OT segment.35,37 In the 
case of P3OT-b-F-P3OT in a 2:1 ratio, there are two distinct melting transitions which match 
those of P3OT and F-P3OT. Since it cannot be said with full confidence that all P3OT 
homopolymer was removed during purification, it is unclear whether these two transitions 
indicate phase separation and therefore separate melting transitions for each block, or are 
simply due to the P3OT impurity. However, the low melting enthalpies of both peaks and the 
lower melt onset of the F-P3OT block suggests that crystallisation is frustrated even for the 
fluorinated block. 
The evolution of the thin film UV-vis with increasing annealing temperature (see Figure 3-6) 
partly reflects the thermal behaviour of the samples. In all cases, the low energy shoulder 
decreases in intensity with increasing annealing temperature, until a critical point when the 
absorption profile dramatically blue shifts and loses all or most of its vibronic structures. The 
broad absorption exhibited by the samples beyond this critical point is reminiscent of the 
absorption of fully solvated polythiophene derivatives (see Section 2.3.2) and therefore 
suggests that beyond this point the polymers have essentially been quenched into a melt state 
with disordered backbones and little inter- and intrachain coupling. This is further supported 
by the fact that these critical temperatures are in agreement with the melt temperatures 
exhibited by the dropcast samples (see Table 3-1). 
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Table 3-1 – Melting point of dropcast films taken as the maximum (onset in parentheses), and critical 
annealing temperature of spin cast films at which vibronic structure is mostly lost from the UV-vis absorption.  
   P3OT-b-F-P3OT  P3OT blend with F-P3OT 
 P3OT F-P3OT 2:1 1:4  2:1 1:4 
Melting Point (ºC) 190 (177) 254 (242) 
193 (178) 
/243 (235) 
253 (243)  
194 (180) / 
261 (240) 
261 (241) 
Critical Annealing 
Temperature (ºC) 
181 267 238 238  238 267 
 
The critical temperature in the case of P3OT is near 181 ºC, which is above the onset of 
melting transition, and all the vibronic structure is lost from the absorption when annealed 
well above the melt at 210 ºC. Higher temperature annealing simply shifts the absorption to 
higher energy, consistent with more disordered backbones as is observed in heated solutions 
of polythiophenes (see Section 2.3.2). In the case of F-P3OT, annealing just under the 
melting onset (238 ºC) leads to a significant shift in the vibronic structure, with a large 
increase in the intensity of the 0-2 shoulder, while the 0-0 shoulder decreases, indicative of a 
greater degree of interchain coupling and therefore H-aggregates.38 Annealing at temperatures 
higher than the melt breaks these aggregates, and although minor vibronic shoulders are still 
present, these are likely due to some degree of aggregation during the cooling.  
The blend and block copolymers behave in much the same manner, with dramatic shifts in 
the vibronic structure near the onset of the melting transition, and then a blue shift and loss in 
the vibronic structure when annealed beyond the highest temperature melt. In the 2:1 ratio 
samples, phase separation is suggested by the added small changes in the vibronic structure 
seen when annealing is performed at 210 ºC, beyond the low temperature transitions 
associated with P3OT domains melting, but below the onset of the F-P3OT melt. In the 1:4 
ratio samples, the dominance of F-P3OT in the absorption profile means such small changes 
are not obvious. The only suggestion of P3OT chains melting is the small increase in 
absorption that is seen in the high-energy (ca. 400 nm) region of the spectra. The fact that this 
progression is more pronounced than in the case of pure F-P3OT may indicate phase 
separation.  
It is interesting to note that the vibronic structure is more resistant to higher annealing 
temperatures in the blends, perhaps indicating that in the block copolymers the disorder of the 
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melted P3OT sections help break up the F-P3OT rich aggregates, or that these polymers do 
not phase separate as much, and may even produce co-crystals with lower melt onsets.  
 
 
Figure 3-6 – Thin-film UV-vis spectra of a) P3OT, b) F-P3OT, c) P3OT-b-F-P3OT 2:1, d) P3OT-b-F-P3OT 
4:1, e) P3OT/F-P3OT blend in a 2:1 ratio, and f) P3OT/F-P3OT blend in a 4:1 ratio. Films were annealed at 
the temperatures indicated for 20 min, then quench cooled and the UV-vis spectrum measured. The same 
films were used for subsequent annealing at higher temperatures. Thin films were spin cast from hot 1,2,4-
trichlorobenzene. 
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3.4  RAMAN  
 
Figure 3-7 – Temperature dependent Raman shift of the C-C and C=C stretches of a) P3OT-b-F-P3OT 2:1, b) 
P3OT/F-P3OT blend in a 2:1 ratio, c) P3OT-b-F-P3OT 4:1, and d) P3OT/F-P3OT blend in a 4:1 ratio. The 
peaks are assigned to the fluorinated (F-P3OT) and nonfluorinated (P3OT) thiophene rings in a) according to 
the homopolymers (see Section 2.3.5). 
Having probed the effect of temperature on the intermolecular interactions of the samples 
using DSC and UV-vis, we performed similar in situ Raman measurements to those with 
P3OT and F-P3OT (see Section 2.3.5) in order to observe the evolution of intramolecular 
order with temperature, and compare the block and blends of the polymers. The room 
temperature Raman spectra of both 2:1 samples resemble an overlay of the spectra of the pure 
polymers, with the same Raman shift positions but the intensity of F-P3OT C-C and C=C 
stretches being more pronounced than those of P3OT, contrary to what is expected from the 
molar ratio. Unsurprisingly therefore, the Raman spectra of both 1:4 samples are almost 
entirely dominated by F-P3OT stretches, with only minimal evidence of the P3OT C=C 
stretch at 1445 cm-1.  
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As with the pure polymers, the Raman spectra evolve reversibly with temperature, and the 
thermal response of both block and blends mirrors that of the pure polymers, with a gradual 
decrease in the intensity of the scattering with increasing temperature. A sudden shift in the 
spectral shape at high temperatures (>260 ºC), as described for the homopolymers in Chapter 
2 -  is also observed. Only the 1:4 blend does not exhibit such a transition, though this is 
likely because the film was only heated to 300 ºC and the transition occurs at ca. 310 ºC for 
F-P3OT (see Section 2.3.5). The fact that all Raman thermal transitions that are observed 
occur around the temperature of the P3OT pure polymer transition (260 ºC) suggests that the 
event occurring within P3OT chains promotes a similar event in the F-P3OT sections. In the 
block copolymers, where the F-P3OT and P3OT segments are tethered this is perhaps not so 
surprising. However, the 2:1 blend, which shows evidence of phase separation, also exhibits a 
20-40 ºC depression in the temperature of the Raman transition of the F-P3OT signals. The 
conclusion from this observation is that the structural event that leads to the Raman transition 
may be somewhat cooperative, even between polymer domains.  
 
 
Figure 3-8 – Influence of temperature on the relative intensity of the P3OT and F-P3OT C=C bond stretches. 
The block copolymer appears to have a constant relative intensity until ca. 175 ºC, while the blend appears 
less stable, showing decay almost immediately upon heating. 
With previous reports of block copolymers stabilising morphology (see Section 3.1 ), it is 
interesting to note that the P3OT-b-F-P3OT 2:1 exhibits greater stability in the relative 
Raman intensities of the P3OT and F-P3OT signals compared to the corresponding blend (see 
Figure 3-8). While the intensity of the C=C stretch in P3OT decays fairly consistently with 
increasing temperature in the 2:1 blend, it stays constant in the case of the block copolymer, 
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up to ca. 175 ºC where a dramatic decrease is observed. It is perhaps worth noting that this 
transition occurs at a similar temperature to the onset of the P3OT melting transition in the 
DSC thermogram. Although the morphological implications of this greater stability of the 
Raman intensity are unclear, it does indicate that the ordered P3OT domains remain ordered 
up to higher temperatures in the block copolymer. 
3.5  ATOMIC FORCE MICROSCOPY 
When studying the microstructure of thiophene-based block copolymers, many groups have 
reported so called “worm”-like features in atomic force microscopy (AFM) images of thin-
films, both pristine and annealed.7,19,22,37,39 With support from dark-field scanning transmission 
electron microscopy, these features have been attributed to phase segregation in the case of a 
thiophene-selenophene block copolymer.22 In order to assess the presence of phase separation 
in the cases of the two P3OT-b-F-P3OT polymers investigated here, AFM images of as spun 
and annealed (15 min at 200 ºC) films were measured (see Figure 3-9). 
 
Figure 3-9 – Height (top) and phase (bottom) Atomic Force Microscopy images of P3OT-b-F-P3OT 2:1 and 
1:4. Films were spun from chlorobenzene solution, and annealing was performed at 220 ºC for 15 min. 
Unlike in the case of the P3HT-based block copolymers mentioned, no obvious 10-50 nm-
wide fibrillar or worm-like features are observable in the AFM images of either P3OT-b-F-
P3OT polymers, and as such there is no evidence of phase separation. However, it is worth 
noting that although nanofibres of P3OT have been reported through self assembly from 
solution,40,41 a study by Lipomi et al. reported that as spun and annealed (30 min at 100ºC) 
P3OT-b-F-P3OT 2:1
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As-Spun Annealed
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films of P3OT cast from a high boiling point solvent (o-dichlorobenzene) lacked 
distinguishable fibrillar features.39 In contrast, the P3OT-b-P3HT films prepared in an 
analogous fashion showed clear fibre-like features even in as spun films, suggesting that the 
higher crystallinity of the P3HT blocks may be what drives the spontaneous self-assembly 
during thin-film formation. Considering that both blocks studied here have octyl side chains, 
it is therefore less surprising that no obvious phase separation or self-assembly is observed by 
AFM. 
3.6  CONCLUSIONS 
In order to investigate the effects of partial planarisation of the polymer backbone through 
fluorination on the physical and optoelectronic properties of the P3OT system, two block 
copolymers were synthesised, with a large and small F-P3OT block. The P3OT-b-F-P3OT 
polymers were carefully purified by Soxhlet extraction to remove any remaining 
homopolymer that may have been formed through the GRIM polymerisation method used. 
Homopolymers were also synthesised in order to probe the differences between the block 
copolymers and their analogous blends. 
The F-P3OT block dominates the regions of the thin film UV-vis absorption spectra that 
relate to ordered polymer chains. In both P3OT-b-F-P3OT copolymers, the peak positions 
and the increased vibronic structure closely match that of F-P3OT. This is also particularly 
evident in the case of the P3OT/F-P3OT blends, which in addition have spectral shapes closer 
to their respective block copolymer than the weighted sum of the homopolymer spectra. The 
less pronounced vibronic transitions in the block copolymers suggests that the inter- and 
intrachain coupling is slightly reduced, and therefore indicates that there is likely to be some 
frustration in the crystallisation of the polymer chains, possibly due to lesser extent of phase 
separation in P3OT-b-F-P3OT than a corresponding blend. 
DSC analysis of dropcast films further suggested that F-P3OT tends to dominate the 
crystallisation behaviour of the mixed systems, both in blends and block copolymers. Indeed, 
even in a 2:1 blend of P3OT and F-P3OT, the higher temperature melt of F-P3OT-rich phases 
is much more pronounced than that of P3OT. Furthermore, in 1:4 ratios the P3OT melting 
transitions are too weak to be observed, or are non-existent. Melting enthalpies of the blended 
polymers appear higher than their block copolymer analogues, which is consistent with the 
more pronounced vibronic structure observed in the UV-vis spectra.  
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The highest melting transition temperatures for each polymer or blend matches well with the 
critical annealing temperature at which the thin film UV-vis spectra exhibit a dramatic blue-
shift in the absorption, and a loss in vibronic structure. The block copolymers have 
marginally lower critical temperatures and melting points than their blend analogues, perhaps 
signifying impeded crystallisation due to the P3OT segments disrupting the F-P3OT domains. 
This is further corroborated by the fact that a thermal event in the Raman spectra attributed to 
a significant change in intramolecular order occurs in 3 of the 4 mixed systems at the same 
temperature as P3OT (ca. 260-270 ºC), even for F-P3OT segments (310 ºC for pure polymer). 
Only in the 1:4 P3OT/F-P3OT blended film are the Raman signals unaffected by the presence 
of P3OT, as is the case in the UV-vis and DSC behaviour. In the case of the 2:1 block 
copolymer, the thermal response of the Raman signals attributed to P3OT-rich polymer 
chains is found to be substantially different to the corresponding blend at temperatures below 
the thermal transition. While the intensity of the thiophene C=C stretch steadily decreases 
with increasing temperature in the case of the blend, it remains constant in the block 
copolymer until temperatures approaching the melting point of P3OT.  
All the experimental data collected tends to suggest that the increased propensity to aggregate 
in F-P3OT translates to a domination in the optoelectronic and thermal properties in the thin 
film, even as a minority component. P3OT and F-P3OT blends are also found to behave like 
a mostly phase-separated system, while the block copolymers exhibit signs of frustrated 
crystallisation and self-assembly. It is likely that optimisations in the processing techniques, 
thermal annealing and solution self-assembly may help to improve this self-assembly. 
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3.8  EXPERIMENTAL 
General: Reagents and chemicals were purchased from commercial sources such as Aldrich 
and Acros etc. unless otherwise noted. P3OT and F-P3OT and the corresponding monomers 
were synthesised according to the GRIM polymerisation with LiCl presented in Chapter 2 -
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 .31 The batch of P3OT used in this study had Mn 26 kDa, Mw 33 kDa, while the F-P3OT 
used Mn 53 kDa, Mw 98 kDa (as measured by HT-GPC in 1,2,4-trichlorobenzene at 130 ºC). 
 
All reactions were carried out under Argon using solvents and reagents as commercially 
supplied, unless otherwise stated. 1H and 19F NMR spectra were recorded on a Bruker AV-
400 (400 MHz), using the residual solvent resonance of CDCl3 or d2-1,1,2,2-
tetrachloroethane and are given in ppm. Number-average (Mn) and Weight-average (Mw) 
were determined by Agilent Technologies 1200 series GPC running in chlorobenzene at 
80°C, using two PL mixed B columns in series, and calibrated against narrow polydispersity 
polystyrene standards.  
Films for PESA, UV-vis and Raman, were prepared by spin-coating from hot (ca. 150 °C) 
solution in 1,2,4-trichlorobenzene (5 mg/ml) at 3000 rpm for 2 minutes. Dropcast films for 
DSC measurements were prepared by dropcasting a hot (ca. 150 °C) 5 mg/mL solution in 
1,2,4-trichlorobenzene onto hot glass substrates (ca. 120 °C) and letting the solvent 
evaporate. The film was then scraped off using a knife and the powder used for DSC 
analysis. 
UV-vis spectra were recorded on a UV-1601 Shimadzu UV-vis spectrometer. Photo Electron 
Spectroscopy in Air (PESA) measurements were recorded with a Riken Keiki AC-2 PESA 
spectrometer with a power setting of 5nW and a power number of 0.5. Samples for PESA 
were prepared on glass substrates by spin-coating. Differential scanning calorimetry (DSC) 
measurements: ~2 mg material was used for the DSC experiments, which was conducted 
under nitrogen at scan rate of 10 ˚C/min with a TA DSC-Q20 instrument. Raman spectra 
were measured using a Renishaw inVia Raman Spectrometer with 785 nm diode laser 
excitation. Laser power at the sample was 130 mW focussed to a 40 μm2 area. The 
photoluminescence background was subtracted from the spectra using a polynomial baseline 
and then the spectra were normalised to the main peak. A Linkam THMS600 hot-cold cell 
purged with nitrogen was used to prevent polymer degradation as well as to control the 
temperature of the sample. For room temperature measurements the total laser exposure time 
was 25s, the exposure time for temperature dependent spectra was 10s. Starting from room 
temperature, the sample was heated at 10 °C/min to 300 °C. The temperature was held for 1 
minute at every 10° interval in order to measure spectra. 
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Typical procedure for synthesis of Grignard monomer:  
To a solution of 2,5-dibromo-3-octylthiophene (361.2 mg, 1.02 mmol) in dry THF (2.86 mL) 
at room temperature was added isopropylmagnesium chloride lithium chloride complex (0.78 
mL, 1.3 M in THF) dropwise. After 30 min, the resulting Grignard monomer solution (0.28 
M in THF) was ready for use as indicated by the near total consumption of starting material 
(<3% remaining by quenching a sample with methanol and analysing by GC-MS). 
Synthesis of P3OT-b-F-P3OT 2:1:  
In a dry 2-5 mL microwave vial charged with dichloro(1,3-
bis(diphenylphosphino)propane)nickel (2.27 mg, 0.5 mol %) was added Grignard solution 
freshly prepared from 2,5-dibromo-3-octylthiophene (2.25 mL, 0.28M in THF), and the 
reaction mixture was stirred at 40 °C for 1 h. GPC analysis of an aliquot quenched with 
methanol/HCl indicated Mn 31 kDa, Mw 43 kDa. A Grignard solution freshly prepared from 
2,5-dibromo-3-fluoro-4-octylthiophene (0.75 mL, 0.28M) was added to the reaction mixture, 
and the reaction heated to 70 °C for 2 h before being poured into methanol (200 mL) 
acidified with a few drops of conc. HCl. The precipitate was filtered through a cellulose 
thimble, and the solid purified by Soxhlet extraction with methanol, acetone, and hexane. In 
order to determine if substantial amounts of P3OT homopolymer still remaining in the 
sample, a DSC was run on a sample, and after confirmation that this was indeed the case, the 
solid was further washed with dichloromethane and finally extracted with chloroform, before 
being precipitated into methanol and filtered. The solid was dried under vacuum to give 
P3OT-b-F-P3OT 2:1 (50 mg, 25%). Mn 55 kDa, Mw 60 kDa. 1H NMR (400 MHz, TCE-d2, 
403 K, δ): 7.05 (s, 1H), 2.94 – 2.85 (m, 1.8H), 2.85 – 2.77 (m, 0.9H), 1.90 – 1.66 (m, 3H), 
1.56 – 1.35 (m, 15H), 1.03 – 0.90 (m, 4.2H); 19F NMR (376 MHz, TCE-d2, 403 K, δ): = -
122.94 (s). 
Synthesis of P3OT-b-F-P3OT 1:4:  
In a dry 2-5 mL microwave vial charged with dichloro(1,3-
bis(diphenylphosphino)propane)nickel (2.27 mg, 0.5 mol %) was added Grignard solution 
freshly prepared from 2,5-dibromo-3-octylthiophene (0.75 mL, 0.28M in THF), and the 
reaction mixture was stirred at 40 °C for 1 h. GPC analysis of an aliquot quenched with 
methanol/HCl indicated Mn: 15 kDa, Mw: 18 kDa. A Grignard solution freshly prepared 
from 2,5-dibromo-3-fluoro-4-octylthiophene (2.25 mL, 0.28M) was added, and the reaction 
heated to 70 °C for 2 h before being poured into methanol (200 mL) acidified with a few 
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drops of conc. HCl. The precipitate was filtered through a cellulose thimble, and the solid 
purified by Soxhlet extraction with methanol, acetone, hexane and chloroform. The solid was 
dried and reprecipitated from 1,2,4-trichlorobenzne into methanol and filtered. The solid was 
dried under vacuum to give P3OT-b-F-P3OT 4:1 (104 mg, 64%). Molecular weight could not 
be measured due to lack of solubility. 1H NMR (400 MHz, TCE-d2, 403 K, δ): 7.05 (s, 1H), 
2.93 – 2.86 (m, 1.8H), 2.85 – 2.76 (m, 8.3H), 1.91 – 1.64 (m, 10.9H), 1.58 – 1.27 (m, 56.9H), 
1.06 – 0.89 (m, 15.1H); 19F NMR (376 MHz, TCE-d2, 403 K, δ): = -122.94 (s). 
3.9  REFERENCES 
(1)  Robb, M. J.; Ku, S.; Hawker, C. J. Adv. Mater. 2013, 25, 5686. 
(2)  Segalman, R. A.; McCulloch, B.; Kirmayer, S.; Urban, J. J. Macromolecules 2009, 42, 9205. 
(3)  Ku, S.-Y.; Brady, M. a; Treat, N. D.; Cochran, J. E.; Robb, M. J.; Kramer, E. J.; Chabinyc, M. L.; 
Hawker, C. J. J. Am. Chem. Soc. 2012, 134, 16040. 
(4)  Yamada, I.; Takagi, K.; Hayashi, Y.; Soga, T.; Shibata, N.; Toru, T. Int. J. Mol. Sci. 2010, 11, 5027. 
(5)  Suspène, C.; Miozzo, L.; Choi, J.; Gironda, R.; Geffroy, B.; Tondelier, D.; Bonnassieux, Y.; Horowitz, 
G.; Yassar,  a. J. Mater. Chem. 2012, 22, 4511. 
(6)  Mulherin, R. C.; Jung, S.; Huettner, S.; Johnson, K.; Kohn, P.; Sommer, M.; Allard, S.; Scherf, U.; 
Greenham, N. C. Nano Lett. 2011, 11, 4846. 
(7)  Gao, D.; Hollinger, J.; Seferos, D. S. ACS Nano 2012, 6, 7114. 
(8)  Lai, Y.; Ohshimizu, K.; Takahashi, A.; Hsu, J.; Higashihara, T.; Ueda, M.; Chen, W.-C. J. Polym. Sci. 
Part A Polym. Chem. 2011, 49, 2577. 
(9)  Zhang, Q.; Cirpan, A.; Russell, T. P.; Emrick, T. Macromolecules 2009, 42, 1079. 
(10)  Nakabayashi, K.; Mori, H. Macromolecules 2012, 45, 9618. 
(11)  Guo, C.; Lin, Y.-H.; Witman, M. D.; Smith, K. A.; Wang, C.; Hexemer, A.; Strzalka, J.; Gomez, E. D.; 
Verduzco, R. Nano Lett. 2013, 13, 2957. 
(12)  McNeill, C. R. Energy Environ. Sci. 2012, 5, 5653. 
(13)  Sivula, K.; Ball, Z. T.; Watanabe, N.; Fréchet, J. M. J. Adv. Mater. 2006, 18, 206. 
(14)  Renaud, C.; Mougnier, S.-J.; Pavlopoulou, E.; Brochon, C.; Fleury, G.; Deribew, D.; Portale, G.; 
Cloutet, E.; Chambon, S.; Vignau, L.; Hadziioannou, G. Adv. Mater. 2012, 24, 2196. 
(15)  Segalman, R. A. Mater. Sci. Eng. R Reports 2005, 48, 191. 
(16)  Bates, F. S.; Fredrickson, G. H. Phys. Today 1999, 52, 32. 
(17)  Locke, J. R.; McNeil, A. J. Macromolecules 2010, 43, 8709. 
(18)  Hollinger, J.; DiCarmine, P. M.; Karl, D.; Seferos, D. S. Macromolecules 2012, 45, 3772. 
Block Copolymers and Blends of P3OT and F-P3OT 
- 119 - 
(19)  Palermo, E. F.; McNeil, A. J. Macromolecules 2012, 45, 5948. 
(20)  Iovu, M. C.; Sheina, E. E.; Gil, R. R.; McCullough, R. D. Macromolecules 2005, 38, 8649. 
(21)  Bryan, Z. J.; McNeil, A. J. Macromolecules 2013, 46, 8395. 
(22)  Hollinger, J.; Jahnke, A. A.; Coombs, N.; Seferos, D. S. J. Am. Chem. Soc. 2010, 132, 8546. 
(23)  Kozycz, L. M.; Gao, D.; Hollinger, J.; Seferos, D. S. Macromolecules 2012, 45, 5823. 
(24)  Kim, Y.-J.; Cho, C.-H.; Paek, K.; Jo, M.; Park, M.-K.; Lee, N.-E.; Kim, Y.; Kim, B. J.; Lee, E. J. Am. 
Chem. Soc. 2014, 136, 2767. 
(25)  Sommer, M.; Komber, H.; Huettner, S.; Mulherin, R.; Kohn, P.; Greenham, N. C.; Huck, W. T. S. 
Macromolecules 2012, 45, 4142. 
(26)  Senkovskyy, V.; Tkachov, R.; Beryozkina, T.; Komber, H.; Oertel, U.; Horecha, M.; Bocharova, V.; 
Stamm, M.; Gevorgyan, S. a.; Krebs, F. C.; Kiriy, A. J. Am. Chem. Soc. 2009, 131, 16445. 
(27)  Paoprasert, P.; Spalenka, J. W.; Peterson, D. L.; Ruther, R. E.; Hamers, R. J.; Evans, P. G.; Gopalan, P. 
J. Mater. Chem. 2010, 20, 2651. 
(28)  Awada, H.; Medlej, H.; Blanc, S.; Delville, M. H.; Hiorns, R. C.; Bousquet, A.; Dagron-Lartigau, C.; 
Billon, L. J. Polym. Sci. Part A Polym. Chem. 2014, 52, 30. 
(29)  Awada, H.; Mezzasalma, L.; Blanc, S.; Flahaut, D.; Dagron-Lartigau, C.; Lyskawa, J.; Woisel, P.; 
Bousquet, A.; Billon, L. Macromol. Rapid Commun. 2015, 36, 1486. 
(30)  Olsen, B. D.; Segalman, R. A. Mater. Sci. Eng. R Reports 2008, 62, 37. 
(31)  Fei, Z.; Boufflet, P.; Wood, S.; Wade, J.; Moriarty, J.; Gann, E.; Ratcliff, E. L.; McNeill, C. R.; 
Sirringhaus, H.; Kim, J.-S.; Heeney, M. J. Am. Chem. Soc. 2015, 137, 6866. 
(32)  Schubert, M.; Dolfen, D.; Frisch, J.; Roland, S.; Steyrleuthner, R.; Stiller, B.; Chen, Z.; Scherf, U.; Koch, 
N.; Facchetti, A.; Neher, D. Adv. Energy Mater. 2012, 2, 369. 
(33)  Fabiano, S.; Chen, Z.; Vahedi, S.; Facchetti, A.; Pignataro, B.; Loi, M. A. J. Mater. Chem. 2011, 21, 
5891. 
(34)  Mori, D.; Benten, H.; Kosaka, J.; Ohkita, H.; Ito, S.; Miyake, K. ACS Appl. Mater. Interfaces 2011, 3, 
2924. 
(35)  Ho, C.; Liu, Y.; Lin, S.; Su, W. Macromolecules 2012, 45, 813. 
(36)  Campo, B. J.; Bevk, D.; Kesters, J.; Gilot, J.; Bolink, H. J.; Zhao, J.; Bolsée, J.-C.; Oosterbaan, W. D.; 
Bertho, S.; D’Haen, J.; Manca, J.; Lutsen, L.; Van Assche, G.; Maes, W.; Janssen, R. a. J.; Vanderzande, 
D. Org. Electron. 2013, 14, 523. 
(37)  Zhang, Y.; Tajima, K.; Hirota, K.; Hashimoto, K. J. Am. Chem. Soc. 2008, 130, 7812. 
(38)  Spano, F. C. Acc. Chem. Res. 2010, 43, 429. 
(39)  Savagatrup, S.; Printz, A. D.; Rodriquez, D.; Lipomi, D. J. Macromolecules 2014, 47, 1981. 
Block Copolymers and Blends of P3OT and F-P3OT 
- 120 - 
(40)  Samitsu, S.; Shimomura, T.; Heike, S.; Hashizume, T.; Ito, K. Macromolecules 2008, 41, 8000. 
(41)  Oosterbaan, W. D.; Vrindts, V.; Berson, S.; Guillerez, S.; Douhéret, O.; Ruttens, B.; D’Haen, J.; 
Adriaensens, P.; Manca, J.; Lutsen, L.; Vanderzande, D. J. Mater. Chem. 2009, 19, 5424. 
  
Chapter 4 -  Partial Fluorination as 
a Method to Control Dielectric 
Constant 
  
Partial Fluorination as a Method to Control Dielectric Constant 
- 122 - 
4.1  BACKGROUND 
Manipulation of the dielectric constant of conjugated materials through design is an attractive 
prospect for photonic and photovoltaic applications. In the latter case, increasing the 
dielectric constant of the active layer has been put forwards as a clear opportunity for 
increasing power conversion efficiencies (PCE).1–3  
Charge recombination is heavily influenced by the dielectric constant of the components of 
the active layer. The exciton binding energy, Eeb, is inversely proportional to the permittivity 
of the light absorbing material.4 As a result, dissociation of excitons to form free charges is 
enhanced in conjugated materials with higher dielectric constants.4 Bimolecular 
recombination is also reduced through increasing the dielectric constant of the active layer, as 
carriers of opposite charges are better screened from each other.5 The decrease in both 
recombination types results in a net increase in charge collection, and therefore short circuit 
current (Jsc), an important component of PCE.4  
Lower binding energies are also thought to reduce losses in open circuit voltage (Voc), 
another key metric for efficiency.6–8 Furthermore, lower rates of bimolecular recombination 
also enhance Voc.8 Considering the importance of the active layer permittivity on charge 
generation in organic photovoltaics (OPV), surprisingly few studies investigate the 
systematic increasing of the dielectric constants of active layer components. Since most 
common conjugated polymers exhibit εr values of 2-4 and PC71BM, the most common 
fullerene used in OPV has a εr of 3.9, the potential for improving the overall dielectric 
constant of the active layer is significant.3,4,8,9  
The need for high refractive index, insulating polymers has led to the development of several 
guidelines for tailoring the refractive index and therefore dielectric constant. Molar 
refractions, derived from the Lorentz-Lorenz equation, suggest that large polarisable groups 
can be introduced into the polymer repeating units in order to increase the refractive index, as 
is the case for dipolar groups.10 Interestingly, fluorine has a lower molar refractivity than 
hydrogen, so fluorination is predicted to lead to a lower refractive index and permittivity.10 
This is evident in the case of polyethylene and its fully fluorinated analogue, where the 
dielectric constant is decreased by ca. 10%.11 However, partial fluorination can have a 
considerable effect on microstructure, and since dipoles are introduced in the repeating units, 
the permittivity of the polymer can follow a very different trend. Indeed, manipulation of 
monomer polarity and size, along with chemical crosslinking can lead to very high εr values 
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of 70, as is the case for poly(vinylidenefluoride-trifluoroethylene-chlorotrifluoroethylene) 
(P(VDF-TrFE-CTFE)).12,13 
The approach of introducing highly polar groups has been explored by some research groups 
in attempts to increase εr in conjugated polymers.5,9,14 These efforts have prioritised the 
introduction of the polarity within the sidechains in order to avoid disturbing the conjugated 
backbone, and although εr was increased in all of these instances, the effect on performance 
in OPV was inconsistent, likely due to the impact of the sidechains on the morphology.5,14 A 
related approach is the use of higher dielectric additives, which can be conjugated or not. 
Instead of tethering such polar compounds to the active material, they are blended with the 
active layer. Torabi et al. investigated fullerene derivatives which exhibited εr values 
approaching 6,9 and doping the donor layer in a bilayer device with camphoric anhydride has 
been showed to enhance the permittivity from 4.5 to 10.8, thus nearing the εr of silicon.15 
Hyperbranching of conjugated backbones has also been suggested to increase the dielectric 
constant through long-range polaron delocalisation.16–18  
Perhaps more surprisingly, difluorination of a partially conjugated thermoplastic polymer led 
to a 10% increase in the dielectric constant.19 Similarly, two separate studies showed that 
partial backbone fluorination of quinoxaline-based conjugated polymers led to substantial 
increases in permittivity, and in both cases fluorination led to increased OPV performance.6,20 
Despite these two efforts, backbone fluorination of conjugated polymers is typically 
motivated by factors other than dielectric constant improvements. Stabilisation of both the 
highest-occupied molecular orbital (HOMO) and the lowest-unoccupied molecular orbital 
(LUMO) through the addition of electron withdrawing fluorine atoms is a common approach 
to increase the Voc.21–24 Reductions in recombination (and therefore increases in Jsc) upon 
fluorination have also been widely reported.21,25–28 Rather than being attributed to possible 
increases in active layer permittivities, these observations have usually been explained by 
more favorable morphologies and domain compositions of the active layers or increased 
polarisation of the exciton, both of which reduce bimolecular and geminate recombination 
respectively. 
With the high level of interest in backbone fluorination in the field of organic semiconductors 
and conjugated polymers, typically for morphology tailoring and/or energy level control, we 
decided to explore the effects of such fluorination on the dielectric constant of the benchmark 
materials that are poly(3-alkylthiophenes) (P3AT). As reported in previous work (see Chapter 
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2 - ), F-P3HT exhibits very low solubility due to aggregation, making its processing 
difficult.29 We therefore opted to investigate the effect of fluorination on the permittivity of 
the more soluble analogue, F-P3OT. We probed the effect of backbone fluorination by 
comparing P3OT with F-P3OT, as well as possible effects of asymmetric fluorination 
through alternating and block copolymers of these thiophene derivatives.  
4.2  SYNTHESIS 
 
Scheme 4-1 – Synthesis of partially fluorinated bithiophene monomer, used in the synthesis of P3OT-alt-F-
P3OT. 
In order to synthesise a well controlled, regioregular P3OT-alt-F-P3OT copolymer, the 
corresponding head-to-tail dimer first needed to be prepared. Exploiting the exclusive 
selectivity for the magnesium/bromine exchange of the 2,5-dibromo-3-fluoro-4-
octylthiophene, the intermediate mono-brominated compound was produced in near 
quantitative yield after protonolysis with methanol.29 Stille coupling with 2-tributylstannyl-4-
octylthiophene yielded the desired head-to-tail bithiophene in moderate yield (53 %) after 
purification by reverse-phase chromatography. Subsequent bromination afforded the desired 
monomer (see Scheme 4-1), which was polymerised using the GRIM (Grignard Metathesis) 
polymerisation method (see Scheme 4-2) in order to maintain similar potential impurities for 
all polymers studied, particularly in the case of catalyst impurities that may significantly 
affect the dielectric constant. With the issues of regioselectivity of the monomer activation 
for GRIM polymerisation in mind (see Chapter 2 - ), an aliquot of the activated monomer was 
quenched with methanol prior to the addition of Ni(dppp)Cl2, and analysed by GC-MS (see 
Figure 4-1). The chromatogram clearly shows a single signal, with the m/z corresponding to 
the monobrominated dimer species, thus suggesting a single isomer is formed. Considering 
the selectivity of the Mg/Br exchange observed for singly fluorinated thiophene, as discussed 
in length in Chapter 2 - , it is fair to assume that the single isomer produced in the case of this 
dimer is likely to be from an Mg/Br exchange adjacent to the fluorine atom. Even if we 
consider the possibility of the opposite scenario, the monomer activated in the position 
adjacent to the alkyl chain would likely be unreactive towards polymersation, as has been 
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reported for ortho-hindered Grignard reagents.30 After the addition of Ni(dppp)Cl2 and the 
successful polymerisation and precipitation of the polymer, P3OT-alt-F-P3OT was purified 
by Soxhlet extraction, washing successively with methanol, acetone, hexane, and finally 
chloroform, before extracting with chlorobenzene.  
 
 
Scheme 4-2. Synthesis of homopolymers, as well as block and alternating copolymers from GRIM 
polymerisation. 
The homopolymers P3OT and F-P3OT were synthesised via Grignard-metathesis (GRIM) 
polymerisation from the activated monomers [M-H] and [M-F], as previously reported.29 The 
polymers were purified by Soxhlet extraction, washing sequentially with methanol, acetone 
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Figure 4-1 – Gas Chromatogram of the non-brominated dimer (black), dibrominated dimer (red), and 
the activated monomer quenched with methanol prior to addition of Ni(dppp)Cl2 (blue). Mass spectra 
(not shown) match the m/z of the structure shown. 
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and hexane (and chloroform for F-P3OT). P3OT was then extracted using chloroform, and F-
P3OT with chlorobenzene.  
P3OT-b-F-P3OT was also synthesised by GRIM polymerisation, using the analogous method 
to that used for thiophene-selenophene block copolymers,31 with the more soluble P3OT 
block grown first from the activated monomer [M-H] followed by the addition of activated 
monomer [M-F] to the P3OT macroinitiator. For further discussion regarding the synthesis 
and assessment of relative block lengths, see Chapter 3 - . The polymer was purified by 
Soxhlet extraction as with P3OT. However, a further wash with dichloromethane was 
performed before extraction with chloroform in order to remove traces of P3OT 
homopolymer. The presence of P3OT homopolymer within P3OT-b-F-P3OT is typically 
characterised by melt and crystallisation peaks (at 198 and 164 °C respectively) observed in 
the differential scanning calorimetry thermograms (see Figure 4-2). After purification, 1H 
NMR analysis showed that the P3OT block is marginally longer than the F-P3OT block (53 
and 47% respectively). It is worth noting, as was the case for the 3:1 feed block copolymer in 
Chapter 3 - , that the incorporation of P3OT is substantially lower than expected considering 
the feed ratio. The reason for this discrepancy is once again unclear, but chain termination 
before incorporation of the fluorinated monomer is the most likely explanation, as supported 
by the presence of residual homopolymer in the crude sample P3OT-b-F-P3OT. 
 
Figure 4-2 – DSC Thermograms (10 K/min) of P3OT-b-F-P3OT showing the presence of P3OT homopolymer 
contaminant after hexane Soxhlet extraction, and the successful removal of P3OT by extraction with 
dichloromethane. 
100 200 300
 
N
or
m
al
is
ed
 H
ea
t F
lo
w
 (a
.u
.)
Temperature (°C)
 Hexane Washed
 DCM Washed
P3OT Homopolymer
Exo 
Endo
Partial Fluorination as a Method to Control Dielectric Constant 
- 127 - 
4.2.1 Physical Properties 
The polymers compared all exhibited molecular weights (Mn) above 20 kDa, the critical 
molecular weight for chain entanglement in the case of the parent polymer P3HT,32 and as 
such ensures a fair comparison of physical properties.  
The UV-vis absorption of all polymers was compared by measuring spincast thin films on 
quartz substrates. Measurements were made in a spectrometer with an integrating sphere, 
allowing optical effects arising from scattering and reflection to be corrected for. The 
thickness of each film was measured using a profilometer to allow an accurate calculation of 
the extinction coefficient. 
Upon inspection of the as-cast thin-film UV-vis spectra (see Figure 4-3), it is apparent that 
fluorination tends to decrease the absorptivity of the polythiophene backbone, with F-P3OT 
having just over half the extinction coefficient of P3OT and the alternating and block 
copolymers having an intermediate absorptivity. P3OT-alt-F-P3OT and P3OT-b-F-P3OT 
differ predominantly in the vibronic structure and the position of the vibronic shoulders and 
peaks. While the alternating copolymer appears to have more pronounced vibronic structure 
suggesting stronger aggregation, consistent with fluorination, the peak positions are 
marginally red-shifted when compared to the block copolymer, implying more non-
fluorinated character. The vibronic structure of displayed by P3OT-alt-F-P3OT suggests J-
aggregates and therefore greater intrachain coupling (see Chapter 2 - ). As is the case for 
P3OT-b-F-P3OT polymers with different relative block lengths (see Chapter 3 - ), the peak 
absorption wavelengths in the absorption profile of P3OT-b-F-P3OT are closer to those of F-
P3OT even though the latter has a low absorptivity. However, the reduced vibronic structure 
and slightly higher extinction coefficient of P3OT-b-F-P3OT compared to the alternating 
copolymer suggests the P3OT block does have a significant influence on the absorption. We 
note that unlike the thiophene-selenophene system previously mentioned, the block 
copolymer in this case does not closely match a linear combination of the two component 
polymers, whether corrected for absorption coefficients or not, and is slightly blue-shifted.31,33 
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Figure 4-3 – UV-vis spectra of the polymers in thin-films (left), and overlay of combined P3OT and F-P3OT 
as compared to P3OT-b-F-P3OT (right). 
 Polymer Work Function (eV) (± 0.01) 
P3OT 4.37 
P3OT-b-F-P3OT 4.48 
P3OT-alt-F-P3OT 4.58 
F-P3OT 4.71 
Table 4-1 – Workfunction of P3OT as a function of fluorination and fluorination pattern, as measured by 
Kelvin Probe. Error is derived from the standard deviation. 
In an effort to confirm the predicted stabilising effect of fluorination on the HOMO and 
LUMO of the polymers, the work function of each polymer was measured by Scanning 
Kelvin Probe Microscopy (SKPM). SKPM was used for its convenience as it can be 
measured in air, and for its relative accuracy. Indeed, a study by Kahn and Gao demonstrated 
that under ultrahigh vacuum conditions, Kelvin Probe and Ultraviolet Photoemission 
Spectroscopy measurements provide very similar results.34 Since we are interested in the 
relative change in work functions for the polymers rather than the absolute values, SKPM in 
air was well suited for the measurement.  
In agreement with the previous report for the homopolymers, an increase in the work function 
of 0.3 eV is observed upon fluorination, indicating a stabilisation of the HOMO (see Table 
4-1).29 In addition, from the small differences in optical band-gaps between the polymers (± 
0.1 eV) we can deduce that a similar stabilisation of the LUMO is also engendered. P3OT-
alt-F-P3OT exhibits an intermediate work function, close to halfway between the two 
homopolymers. A similar behaviour was reported for a thiophene-thiazole system where both 
heterocycles were alternated, and an all-thiophene system where 3-hexylthiophene and 3-(2-
ethylhexyl)thiophene were randomly copolymerised.35,36 P3OT-b-F-P3OT on the other hand 
has a work function closer to that of P3OT. The phenomenon of block copolymers exhibiting 
the work function of the most easily ionised block has been previously reported in 
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polythiophene derivatives.37,38 We note that in the case of P3OT-b-F-P3OT, the work function 
is still 0.1 eV higher than P3OT. The trend in work functions for the copolymers are 
reminiscent of the absorption coefficient, with the alternating copolymer resembling a mix 
between the two homopolymers, and the block copolymer behaving more like P3OT.  
4.2.2 DFT Calculations 
In order to predict the effect fluorination would have on the dipole moment of the repeat units 
and therefore potentially on the dielectric constant of the polymer, we performed density 
functional theory (DFT) calculations on hexameric thiophene analogues. (see Figure 4-4) We 
observe that fluorination of the backbone leads to a large increase in the dipole moment. 
Indeed, P3OT has a small dipole moment of 0.37 D along the backbone, but upon 
fluorination this is increased to 7.72 D and remains along the backbone direction. Alternating 
fluorination, whilst also increasing the dipole moment to 4.55 D, leads to a significant 
proportion of the dipole pointing away from the backbone. The block-like hexameric 
thiophene also has a dipole which points away from the backbone, though the overall dipole 
moment is lower, at 3.02 D. While it is difficult to translate these values into a macroscopic 
property like the dielectric constant, which depends not only on intrinsic dipoles of the repeat 
units but also on their nanoscale ordering, the large differences in the predicted dipole 
moments suggest that fluorination may translate to an increased dielectric constant provided 
the materials have a similar morphology.  
 
Figure 4-4 – Minimum energy conformation and ground-state dipole moment of hexameric repeat units 
corresponding to the polymers at the B3LYP-6.31G(d) level of theory. Octyl groups were replaced by methyl 
groups for simplicity and reduction in computational time. 
P3OT P3OT-b-F-P3OT
F-P3OT P3OT-alt-F-P3OT
(0.2176, 0.0906, -0.2800) (2.8986, 0.8733, -0.0001)
(7.7160, 0.0258, 0.0000) (3.8747, -2.3939, 0.0000)
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4.2.3 Dielectric Constant 
In order to determine the dielectric constant of the polymers, metal/polymer/metal (MPM) 
capacitors were fabricated using evaporated gold contacts and spin coated polymer films. 
However, the difficulties in film formation due low solubility of the polymers meant that 
most devices were short-circuited. Only P3OT gave satisfactory devices, and the 
characteristics are show in Section 4.5 . Therefore, metal/polymer/oxide/metal (MPOM) 
capacitors were fabricated on Si++ substrates with a 100 nm thick native SiO2 layer, which 
acted respectively as common gate electrode and insulator. The semiconducting polymer 
films were prepared by spin coating, with Au top electrodes evaporated through a shadow 
mask defining the active area of the capacitors. A cross section of the MPOM structure is 
given in Figure 4-5.  
 
Figure 4-5 – Cross section representation of a metal/polymer/oxide/metal capacitor device architecture. 
The capacitance C of the MPOM structure depends on the bias voltage applied, which 
influences the charge accumulation or depletion at the interface between the polymer and the 
oxide (see Figure 4-6).39,40 The maximum capacitance is obtained in the accumulation regime, 
at high negative bias for p-type semiconductors such as the polythiophene derivatives studied 
here, and is determined exclusively by the oxide layer. 
 
Where A is the device area, ε0 the vacuum permittivity, the εSiO2 dielectric constant of the 
insulator and dSiO2 its thickness. The minimum capacitance is obtained when the polymer film 
is fully depleted at positive bias. The depleted polymer layer acts as a capacitance in series 
with the oxide layer, hence the total capacitance is: 
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Cmin is determined by the dielectric constants of SiO2 and of the polymer and their respective 
thicknesses. Cpolymer can therefore be extracted from Cmin to obtain an estimate for the 
dielectric constant of the polymer.41 
 
Capacitance-frequency (C-f) and capacitance-voltage(C-V) characteristics were measured by 
impedance spectroscopy on a number of MPOM devices for each polymer film, verifying the 
expected scaling of the capacitance with the device area. For each device, Cmax values 
(measured at -15V) were taken together with Cmin (measured at +15V) to extract Cpolymer. 
Linear interpolation of the data then provided estimates for the dielectric constants of the 
polymers Cpolymer vs. A plots) (see Figure 4-6). 
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Figure 4-6 – C-V response of a MPOM device featuring the typical accumulation and depletion regimes (a). 
C-f plots of the MPOM capacitance Cm ax at -15V bias (b) and Cm in at +15V bias (c) for P3OT-alt-F-P3OT 
devices of different active areas. P3OT-alt-F-P3OT capacitance values (d) at 100 Hz as a function of device 
area and linear interpolation (red line) yielding the polymer dielectric constant. Dielectric constant of the 
polymers (e) as calculated from the capacitance values at 100 Hz. 
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Table 4-2 – Summary of the electrical characterisations, reporting the dielectric constants at the frequency of 
100 Hz and the film thickness of the polymers. 
Polymer Thickness [nm] ε (100Hz) 
P3OT 68.5 ± 1.8 2.71 ± 0.12 
F-P3OT 45 ± 4.4 4.82 ± 0.49 
P3OT-alt-F-P3OT 31.5 ± 2.6 4.30 ± 0.36 
P3OT-b-F-P3OT 25.5 ± 2.1 3.97 ± 0.37 
 
The dielectric constants of the polymers as calculated from fits of the capacitance of thin-
films in an MPOM architecture shows that fluorination increases ε in all cases. Full 
fluorination leads to a nearly doubled dielectric constant from 2.71 to 4.82 for P3OT and F-
P3OT respectively. We note that this value of ε for P3OT was in good agreement with the 
value of 2.84 we obtained from the MPM architecture (see Section 4.5 ), but somewhat lower 
than the value of 3.24 previously reported for P3OT by elipsometry.41 The increase in ε upon 
fluorination reflects the trend observed in quinoxaline-based conjugated polymers, and 
further suggests that the dielectric constant of conjugated polymers responds differently to 
fluorination when compared to non-conjugated polymers.6,20 It is unclear from these results 
whether this difference in behaviour is due to the increased dipole moment introduced by the 
fluorination, as predicted by DFT calculations, or whether morphological effects such as 
crystallite dipoles are at play, similar to P(VDF-TrFE-CFE) and related high dielectric 
polymers.13 These polyethylene-based fluorinated polymers exploit the anisotropy in the 
crystalline domains resulting from the introduction of different comonomers. F-P3OT has 
been reported to frustrate crystallisation, and has shorter coherence lengths in both the 
lamellar and π-π stacking directions than P3OT, which may indicate some differences in 
crystalline domains.29  
P3OT-b-F-P3OT exhibits a dielectric constant that is close to the average of εP3OT and εF-P3OT, 
at 3.97, but the alternating copolymer P3OT-alt-F-P3OT showed a dielectric constant that 
approaches that of the fully fluorinated homopolymer. In fact, if an average value for εSiO2 is 
used, the alternating copolymer exhibits the highest dielectric constant of all the polymers 
studied. This contrasts with previous reports involving PPV copolymers with alkyl and 
ethylene glycol sidechains, whereby the alternating copolymers showed intermediate ε values 
compared to the two homopolymers.14 The two contrasting results obtained from the 
alternating and block-copolymers show that the pattern of fluorination along a polymer chain 
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is important when considering the dielectric constant. We also note that even in a simplified 
system such as the P3OT derivatives, the dipole moments predicted by DFT calculations 
clearly do not reflect the resulting dielectric constant, although the general trend of increased 
ε upon fluorination is reflected by the calculated dipole moments. Indeed, the similar 
dielectric constants exhibited by F-P3OT and P3OT-alt-F-P3OT contrasts with the dipole 
moments of the respective hexamers, where the former has close to double the overall dipole 
moment when compared to the latter. Nevertheless, the directionality of the dipole may also 
plays a key role, since P3OT-alt-F-P3OT dipole moment contains a significant off-backbone 
component which may help boost the dielectric constant to approach the values of the fully 
fluorinated analogue. 
Perhaps an important consequence of the increased dielectric constant upon fluorination is its 
impact on the exciton binding energy. The increase in optical band gap upon fluorination was 
previously attributed to a decrease in the electron affinity resulting from slight mesomeric 
donation into the lowest unoccupied molecular orbital by the fluorine atoms. The caveat for 
this rationale was that all polymers have similar exciton binding energies. However, 
considering the inverse relationship between exciton binding energy and dielectric constant 
of the active layer,4 it is likely that the fluorinated polymers have reduced exciton binding 
energies as a result of the increased dielectric constant. This may also be a contributing factor 
to the apparent increased optical band gap when fluorinating the polythiophene backbone.  
Attempts were made to spin coat blends of the fluorinated polymers with PCBM for OPV 
device fabrication, but the resulting films were too poor in quality to form working devices. 
This is a result of the reduced solubility of the polymers and the need for thicker films for 
device measurements. Therefore, it was not possible to investigate the effect of increased 
dielectric constant of the polymers on the device performance. 
4.3  CONCLUSIONS 
In the intensely studied field of OPV, there have been few studies on increasing the dielectric 
constant of conjugated polymers, even though this has been shown to be an important factor 
when considering charge generation and voltage losses. We therefore explored the synthesis 
of two copolymers based on partially fluorinated P3OT in order to probe the effect 
fluorination has on the dielectric constant of a well-studied system, as well as the influence 
the pattern of fluorination can have on such properties. 
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Through measurements of ε by MPOM devices we find that fluorination of half of the 
thiophene units leads to a significant increase in the dielectric constant from 2.7 for P3OT to 
4.0 in a block-copolymer configuration, and 4.3 in an alternating configuration. Full 
fluorination leads to an even larger increase to 4.8. It is unclear whether this enhanced 
permittivity is a consequence of morphological differences, from intrinsic differences in 
dipoles between the repeating units, or a combination of both. The fact that both the 
alternating and block copolymers (which are likely to have very different microstructures) 
show substantial increases in ε compared to P3OT suggests that backbone fluorination is a 
useful tool for increasing the dielectric constant of semiconducting polymers. Further studies 
on the morphology of these polymers and corresponding blends need to be conducted in 
order to elucidate the origins of the observed increases in ε, and the performance of these 
polymers in photovoltaic devices should be investigated to confirm the usefulness of ε 
manipulation. 
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4.5  EXPERIMENTAL 
General: Reagents and chemicals were purchased from commercial sources such as Aldrich 
and Acros etc. unless otherwise noted. P3OT and F-P3OT and the corresponding monomers 
were synthesised according to the GRIM polymerisation with LiCl presented in Chapter 2 -
 .29 The batch of P3OT used in this study had Mn: 26 kDa and Mw 33 kDa, while the F-P3OT 
used Mn: 53 kDa and Mw: 98 kDa (as measured by HT-GPC in 1,2,4-trichlorobenzene at 130 
ºC). 
All reactions were carried out under Argon using solvents and reagents as commercially 
supplied, unless otherwise stated. 1H, 19F and 13C NMR spectra were recorded on a Bruker 
AV-400 (400 MHz), using the residual solvent resonance of chloroform-d or 1,1,2,2-
tetrachloroethane-d2 and are given in ppm. Microwave experiments were performed in a 
Biotage initiator V 2.3. Number-average (Mn) and weight-average (Mw) molecular weights 
were determined by using an Agilent Technologies 1200 series Gel permeation 
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chromatography (GPC) running in chlorobenzene at 80 °C, using two PL mixed B columns 
in series, and calibrated against narrow-polydispersity polystyrene standards. Due to poor 
solubility, Mn and Mw of F-P3OT was measured in 1,2,4-trichlorobenzene at 140 °C using a 
Polymer Laboratories PL-220 high- temperature GPC instrument calibrated against 
polystyrene standards. Electrospray mass spectrometry was performed with a Thermo 
Electron Corp. DSQII mass spectrometer. Differential scanning calorimetry (DSC) 
measurements, using ∼3 mg of material, were conducted under nitrogen at scan rate of 
10 °C/min with a TA DSC-Q20 instrument. 
Films were prepared by spin-coating from hot (ca. 150 °C) solution in 1,2,4-trichlorobenzene 
(5 mg/ml) at 3000 rpm for 2 minutes onto hot substrates, except P3OT which was spun on 
room temperature substrates due to issues with dewetting. 
Scanning Kelvin Probe Measurements (SKPM) were performed by using a SKP5050 from 
KP Technology. Films were studied in ambient air and 2000 measurement points were taken 
for each sample. Highly Oriented Pyrolytic Graphite (HOPG), which has a nominal work 
function of 4.48 eV, was used as a reference and only the last 500 points of each SKPM were 
considered in the calculation of the work function values. The first 1500 points were not 
considered because the saturation level had not been reached. The standard deviation of the 
data was considered as the error.  
DFT calculations were carried out using the B3LYP hybrid functional and the 6-31g(d) basis 
set in the GAUSSIAN09 software package.42 Alkyl chains were replaced with a methyl group 
to simplify calculations and reduce computational time. 
For the MPOM device configuration, thin films of the polymers were spin-coated from hot 
(ca. 150 °C) solution in 1,2,4-trichlorobenzene (5 mg/ml) at 3000 rpm for 2 minutes onto hot 
Si++ substrates (except P3OT which was spun on room temperature substrates due to issues 
with dewetting) with a 100 nm thick native SiO2 layer. Metal top contacts (Au, thickness 40 
nm, areas between 0.01-0.16 cm2) were subsequently deposited by thermal evaporation (rate 
0.1 nm/s) using shadow masks.  MPM devices were prepared by spin coating a P3OT film 
(thickness 141 ± 5 nm) on a glass substrate where bottom Au electrodes had been previously 
deposited. Top Au contacts were then evaporated on the P3OT film, thus defining 
metal/polymer/metal structures. Thickness values were measured with a Dektak 150 surface 
profilometer. 
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Figure 4-7 – Capacitance measurements for P3OT in metal/polymer/metal devices of different areas (left) 
with linear interpolation (red line). Frequency dependence of the dielectric constant (right).  
A Schlumberger SI 1260 impedance/gain phase analyser was used for the determination of 
the dielectric constants of the polymers by impedance spectroscopy. Capacitance-frequency 
(C-f) and Capacitance-Voltage (C-V) measurements were performed in the 10 - 106 Hz 
frequency range and with bias varied between -15 V and +15 V.  
Transmission and specular reflection spectra of polymer films on quartz substrates were 
acquired in the UV-Vis and near infrared regions (220 - 1400 nm) using a Shimadzu UV-
2600 spectrometer fitted with ISR-2600Plus integrating sphere option.  
Synthesis of 2-tributylstannyl-4-octylthiophene:  
To a solution of 3-octylthiophene (1.80 g, 9.17 mmol) in dry THF (20 mL) at -78 °C was 
added lithium diisopropylamide (5.05 mL, 2.0 M in THF/heptane/ethylbenzene) dropwise, 
and the resulting solution was stirred at -78 °C for 2 h. Tributyltin chloride (4.48 g, 13.76 
mmol) was slowly added and the reaction mixture was further stirred at -78 °C for 2 h. After 
warming to room temperature, the reaction was quenched by addition to water (100 mL) and 
extracted with hexane (3 x 50 mL). The combined organic extracts were washed with water 
(3 x 100 mL), and acetonitrile (4 x 50 mL), and dried over sodium sulfite. The solvent was 
removed in vacuo to yield the crude product as a pale yellow oil which was used for the next 
step without further purification. 
Synthesis of 2-bromo-4-fluoro-3-octylthiophene: 
In a dry 20 mL microwave vial, to a solution of 2,5-dibromo-3-fluoro-4-octylthiophene (1.48 
g, 3.98 mmol) in dry THF (10 mL) was added isopropylmagnesium chloride lithium chloride 
complex (3.06 mL, 1.3 M in THF) dropwise at room temperature. After 30 min, methanol (2 
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mL) was added, and after a further 5 min the reaction mixture was poured into sat. 
ammonium chloride (50 mL) and extracted with hexane (3 x 50 mL). The combined organic 
extracts were dried over magnesium sulfate and the solvent removed in vacuo to yield the 
crude product as a light brown oil (1.125 g, 96%). The product was used in the next step 
without further purification. 1H NMR (400 MHz, CDCl3) δ 6.62 (d, J = 1.7 Hz, 1H), 2.51 (t, J 
= 7.6 Hz, 2H), 1.59 – 1.46 (m, 3H), 1.39 – 1.15 (m, 10H), 0.88 (t, J = 7.0 Hz, 3H). 13C NMR 
(101 MHz, CDCl3) δ 155.3 (d, J = 262.7 Hz), 131.8 (d, J = 24.1 Hz), 109.1 (d, J = 10.0 Hz), 
103.2 (d, J = 21.2 Hz), 32.1, 29.5, 29.4, 29.4, 28.8, 26.8, 22.8, 14.3. 19F NMR (377 MHz, 
CDCl3) δ -125.59. HRMS (EI)+ Calculated for C12H18SBrF: 292.0297; found, 292.0305. 
Synthesis of 4-fluoro-3,4'-dioctyl-2,2'-bithiophene:  
In a dry 20 mL microwave vial, 2-tributylstannyl-4-octylthiophene (2.15g, 4.43 mmol), 2-
bromo-3-fluoro-4-octylthiophene (1.00 g, 3.41 mmol), bis(dibenzylideneacetone)palladium 
(97 mg, 5 mol %), and tris(o-tolyl)phosphine (103 mg, 10 mol %) were added, and the vial 
was evacuated and backfilled with Ar three times, before degassed toluene (10 mL) was 
added. The reaction mixture was degassed by bubbling argon, and then heated to 150 °C for 2 
h in a microwave reactor. After cooling to room temperature, the reaction mixture was passed 
through a silica plug using hexane as eluent, and the solvent was removed in vacuo. The 
resulting oil was purified by reverse phase chromatography using methanol as eluent to yield 
the product as a colourless oil (730 mg, 53%). 1H NMR (400 MHz, CDCl3) δ (ppm): 6.95 (d, 
J = 1.4 Hz, 1H), 6.93 – 6.89 (m, 1H), 6.58 (d, J = 1.4 Hz, 1H), 2.72 – 2.64 (m, 2H), 2.64 – 
2.57 (m, 2H), 1.72 – 1.49 (m, 4H), 1.42 – 1.19 (m, 20H), 0.88 (m, 6H). 13C NMR (101 MHz, 
CDCl3) δ (ppm): 156.7 (d, J = 259.1 Hz), 143.8, 135.8, 130.7 (d, J = 8.1 Hz), 128.5 (d, J = 
23.1 Hz), 127.3, 120.6, 101.4 (d, J = 20.9 Hz), 32.0 (2C), 30.6 (2C), 29.9, 29.6 (2C), 29.5 -
29.4 (overlapping signals), 26.1, 22.8 (2C), 14.3 (2C). 19F NMR (377 MHz, CDCl3) δ (ppm):  
-127.10 (s). HRMS (EI)+ Calculated for C24H37FS2: 408.2321; found, 408.2311. 
Synthesis of 5,5’-dibromo-4-fluoro-3,4'-dioctyl-2,2'-bithiophene:  
To a solution of 4-fluoro-3,4'-dioctyl-2,2'-bithiophene (700 mg, 1.71 mmol) in chloroform 
(10 mL) was added N-bromosuccinimide (641 mg, 3.60 mmol) in the absence of light. The 
reaction was stirred for 12 h, then washed with water (50 mL), 1 M sodium hydroxide 
solution (20 mL), and the solvent was removed in vacuo. The resulting oil was passed 
through a silica plug using hexane as eluent, and the solvent was removed in vacuo to yield 
the product as a colourless oil (902 mg, 94%). 1H NMR (400 MHz, CDCl3) δ (ppm): 6.76 (s, 
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1H), 2.64 (d, J = 8.0 Hz, 2H), 2.55 (d, J = 7.8 Hz, 2H), 1.67 – 1.47 (m, 4H), 1.40 – 1.20 (m, 
20H), 0.88 (t, J = 6.6 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ (ppm): 154.79 (d, J = 261.5 
Hz), 142.8, 134.4, 129.4, 129.3 (d, J = 29.9 Hz), 127.3, 110.1 (d, J = 15.5 Hz), 90.1 (d, J = 
22.3 Hz), 32.0 (2C), 29.8 (2C), 29.7, 29.5 (2C), 29.4 - 29.3 (overlapping signals), 26.5, 22.8 
(2C), 14.3 (2C). 19F NMR (377 MHz, CDCl3) δ (ppm): -125.09 (s). HRMS (EI)+ Calculated 
for C24H35FS2Br, 564.0531; found, 564.0549. 
Typical procedure for synthesis of Grignard monomer:  
To a solution of 2,5-dibromo-3-octylthiophene (361.2 mg, 1.02 mmol) in dry THF (2.86 mL) 
at room temperature was added isopropylmagnesium chloride lithium chloride complex (0.78 
mL, 1.3 M in THF) dropwise. After 30 min, the resulting Grignard monomer solution (0.28 
M in THF) was ready for use as indicated by the near total consumption of starting material 
(<3% remaining by quenching a sample with methanol and analysing by GC-MS). 
Synthesis of P3OT-b-F-P3OT:  
In a dry 2-5 mL microwave vial charged with dichloro(1,3-
bis(diphenylphosphino)propane)nickel (2.7 mg, 0.5 mol %) was added Grignard solution 
freshly prepared from 2,5-dibromo-3-octylthiophene (2.67 mL, 0.28M in THF), and the 
reaction mixture was stirred at 40 °C for 1 h, after which Grignard solution freshly prepared 
from 2,5-dibromo-3-fluoro-4-octylthiophene (0.89 mL, 0.28M) was added. The reaction was 
heated to 70 °C for 12 h before precipitation into methanol (200 mL) acidified with a few 
drops of conc. HCl. The precipitate was filtered through a thimble, and the solid purified by 
Soxhlet extraction with methanol, acetone, hexane, and dichloromethane. The polymer was 
then dried and removed from the thimble, before being reprecipitated from chlorobenzene 
into methanol and filtered. The solid was dried under vacuum to give P3OT-b-F-P3OT (42 
mg, 21%). Mn 49 kDa, Mw 78 kDa. 1H NMR (400 MHz, TCE-d2, 403 K, δ): 7.06 (s, 1H), 
2.96 – 2.61 (m, 4H), 1.89 – 1.63 (m, 4H), 1.56 – 1.31 (m, 21H*), 1.06 – 0.89 (m, 6H). 19F 
NMR (376 MHz, TCE-d2, 403 K, δ): = -122.49 (s). Anal. calcd for (C10H14S)m(C10H13FS)n 
where m = 0.53 and n = 0.47, C 71.21, H 8.74; found: C 70.75, H 8.75. 
*Inconsistency in integration attributed to residual H2O in solvent. 
Synthesis of P3OT-alt-F-P3OT:  
 To a solution of 5,5’-dibromo-4-fluoro-3,4'-dioctyl-2,2'-bithiophene (750 mg, 1.33 mmol) in 
dry THF (17 mL) in a septum sealed pressure tube was added isopropylmagnesium chloride 
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lithium chloride complex (1.00 mL 1.3 M in THF) dropwise, at room temperature. After 1 h, 
a suspension of dichloro(1,3-bis(diphenylphosphino)propane)nickel (10.8 mg, 1.5 mol %) in 
dry THF (1 mL) was added to the Grignard monomer solution, and the resulting solution was 
stirred at 70 °C for 5 h, before being poured into methanol (200 mL) acidified with a few 
drops of conc. HCl. The precipitate was filtered through a glass thimble, and the solid 
purified by Soxhlet extraction with methanol, acetone, hexane, and chloroform. The residual 
polymer was dissolved in chlorobenzene and precipitated into methanol and filtered. The 
solid was dried under vacuum to give P3OT-alt-F-P3OT (313 mg, 58%). Mn 64 kDa, Mw 88 
kDa. 1H NMR (400 MHz, TCE-d2, δ): 7.11 (s, 1H), 2.93 – 2.74 (m, 4H), 1.88 – 1.70 (m, 4H), 
1.57 – 1.31 (m, 22H*), 1.02 – 0.89 (m, 6H). 19F NMR (376 MHz, TCE-d2, 403 K, δ): -122.59 
(s). Anal. calcd for C24H35FS2, C 70.89, H 8.68. found: C 70.77, H 8.73. 
*Inconsistency in integration attributed to residual H2O in solvent. 
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5.1  BACKGROUND 
Building on the successes of P3HT in organic-based electronic devices and the extensive 
knowledge acquired from over a decade of research with the material, a second generation of 
polythiophene derivatives emerged in the early 2000s.1–3 By rationally and systematically 
modifying the repeat-unit structure through methods such as ring-fusion,4 changes in alkyl 
chain density and regiochemistry,4,5 introduction of spacer groups,5 and introduction and 
alterations of heteroatoms,6,7 the understanding of structure-property relationships in 
conjugated polymers has been significantly improved, as have the device performances in 
many cases. In this way, the issues faced by P3HT such as regioirregularities and low IP 
along with the resulting energetic and structural defects and limited air stability they 
engender, were addressed (see Section 1.5 ).2,3  
Poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT) is arguably the most 
successful of these second-generation polythiophene derivatives, perhaps owing to it being 
one of the first conjugated polymers with hole mobilities in the range of amorphous silicon.8 
Copolymerisation of a tail-to-tail alkylated bithiophene unit (BT) with a thieno[3,2-
b]thiophene (TT) unit affords a polymer that can self-assemble with interdigitation of the 
alkyl sidechains.9,10 The TT unit acts as a π-conjugated spacer and avoids the backbone twists 
that usually accompany tail-to-tail links in polythiophenes, and also stabilises the HOMO due 
to its higher resonance energy.3 In addition, the fused system planarises the backbone for 
better self-assembly and aggregation, as thiophene-thiophene links inherently lead to twisted 
backbones (see Section 1.4.2 and Chapter 2 - ).11,12 The BT moiety remains flexible and 
soluble, owing to its long alkyl sidechains, and as a result the polymer is solution processable. 
The reduced alkyl chain density along the polythiophene backbone, in conjunction with the 
interdigitation it undergoes means that there is a lower proportion of insulating sidechain 
compared to P3HT for example. The interdigitation also leads to more long-range order due 
to a greater degree of registration between the polymer lamellae.10 As a result of these 
structural features, PBTTT exhibits liquid-crystalline behaviour, with heating resulting in an 
initial side-chain melt attributed to the disruption of interdigitation, followed by a further 
thermal transition, attributed to a backbone melt which leads to an isotropic melt.3,13 
Following the successful approach of backbone planarisation of P3ATs upon of fluorination 
(see Chapter 2 - ),14 the fluorination of second-generation polythiophenes was a logical 
progression. The fluorination of PBTTT was of particular interest, since as was the case for 
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P3HT, it is a benchmark polymer whose properties have been extensively investigated. The 
objective was therefore to fluorinate the backbone of PBTTT in order to confirm and 
corroborate the conclusions drawn from the results of the F-P3AT system, and thus be able to 
establish a structure-property relationship relatable to thiophene fluorination. Considering 
that fluorination of particularly soluble P3ATs drastically reduced their solubility, complete 
fluorination of the comparatively less soluble PBTTT was deemed to likely lead to insoluble 
material. Consequently, the fluorination was limited to a single monomer (BT) and a long, 
soluble hexadecyl sidechain was chosen. This sidechain was used as it is the longest 
sidechain with which PBTTT has been shown to still exhibit good hole carrier mobilities.15 
Although there are multiple sites of fluorination possible in PBTTT, difluorination of the BT 
unit best mirrors the thiophene-thiophene links present in the P3AT system and maximises 
any possible S-F interactions. Furthermore, fluorinated BT can be obtained from 3-fluoro-4-
alkylthiophenes for which a successful synthetic route was designed in the context of F-
P3ATs. In addition, electrophilic fluorination of TT lithiated in the 3- and 6-positions was 
deemed to likely be very challenging considering the reported side reactions that these 
lithiated species undergo.16,17 
 
Scheme 5-1 – Structures of PBTTT along with possible sites of backbone fluorination. Fluorination on the 
bithiophene unit (BT) gives PFBTTT. 
After DFT calculations predicted similar fluorine-related planarising effects on the BT 
moiety as those observed with the P3AT system, a partially fluorinated analogue of PBTTT, 
named PFBTTT herein, was synthesised, and the physical properties, OFET performance and 
thin-film morphology were investigated. 
5.2  DFT CALCULATIONS 
Based on the success of DFT calculations in predicting the behaviour and planarity of F-
P3ATs, trimeric units of PBTTT and PFBTTT were optimised at the B3LYP/6-31G(d) level. 
More accurate and therefore more time-consuming computational methods were deemed 
superfluous given the results obtained in Chapter 2 - . Thiophene-thienothiophene links were 
observed to be less sensitive to alkylchain substitution than thiophene-thiophene links, so the 
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modeled chain length was increased to propyl (from methyl) in order for any planarising 
interactions to be made more obvious, and better represent the long hexadecyl sidechain of 
the BT moiety. 
The optimised ground state structures are schematically represented in Figure 5-1 with key 
information highlighted. These calculations demonstrate that the planarisation of thiophene-
thiophene links upon fluorination is also predicted in the BTTT system. θ1 is predicted be 
reduced from ca. 13º to planarity, while θ2 is perhaps more surprisingly also planarised 
slightly from 42º to 39º. As is the case in the F-P3AT system, planarisation of the BT unit 
upon fluorination, despite fluorine having a larger steric size than hydrogen, can be 
rationalised from an electrostatic standpoint. Acknowledging the issues associated with 
Mulliken charges (see Section 2.3.5), these suggest that in the case of the fluorinated BT 
moiety, electronegative fluorine atom bear a partial negative charge, while the sulfur is 
partially positively charged. The Coulombic interaction that would ensue could in principle 
be responsible for the planarisation of the conjugated backbone. Conversely, in the non-
fluorinated case, the BT moiety is twisted due to the steric (and therefore electrostatic in 
nature) interaction between the hydrogen and sulfur atoms,18,19 both of which Mulliken 
analysis predicts to be partially positively charged. 
 
Figure 5-1 – Optimised ground-state structures of trimeric units of PBTTT (top) and PFBTTT (bottom). Key 
dihedral angles are highlighted as θ1 and θ2, and Mulliken charges are indicated in parentheses. Reproduced 
with permission from Boufflet et al.20 
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Using a similar rationale as with the F-P3AT system, one could argue that the BT coplanarity 
is due to mesomeric donation of electron density by the fluorine atoms into the thiophene ring, 
thus promoting conjugation and backbone planarity.18 In addition, the electronegative fluorine 
atoms may also inductively stabilise the planar quinoidal LUMO. Indeed, visualisation of the 
calculated HOMO and LUMO levels of FBTTT (see Figure 5-2 shows that the fluorine atoms 
do contribute towards the frontier molecular orbital wavefunctions. This argument bears 
more weight still, when we consider the planarisation of the thiophene-thienothiophene link 
(θ2). Since this cannot be a result of non-bonding Coulombic S-F interactions, increased 
conjugation could be considered a factor.  
 
 
The planarising effect of the fluorine atom in the BT unit is best represented in the form of 
PES and population analysis of the conformations as a function of θ1 (see Figure 5-3). As has 
been previously reported for the PES of PBTTT using various calculation methods,21 the 
Figure 5-3 – Potential energy scan of BTTT and FBTTT trimers as a function of θ1 (left), and relative 
Boltzmann population of resulting conformations at room temperature. Reproduced with permission from 
Boufflet et al.20 
Fluorination of High-Mobility Polymer PBTTT 
- 148 - 
curves are asymmetric, and altering the direction of rotation makes no difference. This is 
likely a result of the high degrees of freedom of the propyl sidechains. The respective PES 
strongly convey that the fluorination not only planarises but rigidifies the conjugated 
backbone. The PES shows that as well as having an energy minimum at θ1 = 0º, FBTTT has a 
much higher barrier to rotation than BTTT, (which has local minima at θ1 = 10º). 
Furthermore, the local minima when θ1 is near 180º show that the cis conformation of the BT 
moiety is much more disfavoured in the case of FBTTT. Unsurprisingly, FBTTT exhibits a 
marked local maximum at 180º, likely due to the steric repulsion of the fluorine atoms that 
are in close proximity in this conformer. BTTT, owing to the smaller Van der Waals radius of 
hydrogen compared to fluorine, and perhaps the smaller magnitude of the partial charge, 
exhibits only a slight energy maximum at 180º when compared to the nearby local minima. 
The result of this relative energy profile in terms of population of the conformers at room 
temperature is striking (See Figure 5-3). While FBTTT shows a narrow, near exclusive 
population of conformers about the trans coplanar conformation (θ1 = 0º), BTTT shows a 
much broader population density around the same dihedral angle, and a smaller but 
considerable and equally broad population of cis coplanar conformers. This cis conformation 
of the BT unit perturbs the linearity along the length of the polymer chain, and is likely to 
disrupt the solid-state packing somewhat. 
5.3  SYNTHESIS 
With the synthesis of 2,5-bis(trimethylsilyl)-3-bromo-4-fluorothiophene previously optimised 
(see Chapter 2 - ),14 the alkylation was easily carried out by microwave-assisted Negishi 
cross-coupling using commercially available hexadecylzinc bromide. This reaction was also 
successfully carried out using a mixed organometallic reagent obtained from the reaction of 
hexadecyl bromide with ZnCl2, LiCl and Mg as outlined by Knochel et al.22 The resulting 
TMS-protected 3-fluoro-4-alkylthiophene could be either purified by reverse-phase 
chromatography, or deprotected using TBAF and purified on normal-phase silica. It was 
found that the latter was preferred, not only because of the increased costs of using reverse-
phase chromatography, but also because it afforded much better separation at equivalent 
loadings.  
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Scheme 5-2 – Synthesis of PFBTTT via the key dimerisation of the fluorinated alkylthiophene. 
Head-to-head dimerisation of 3-alkylthiophenes is commonly achieved through 
regioselective deprotonation using the sterically hindered mixed-aggregate of TMEDA and 
nBuLi, followed by CuCl2-mediated oxidative coupling of the resulting 3-alkyl-5-
thienyllithium compound.23 Despite the regioselective deprotonation being easily achieved on 
3-fluoro-4-hexadecylthiophene, as confirmed by quenching a sample with a solution of I2 in 
dry THF,24 only minimal conversion (<35% by NMR) to the coupled product was observed. 
Building on the widely reported reductive elimination of cis-related 5-thienyl moieties 
complexed to Ni(dppp) which is usually used as the initiation step in GRIM 
polymerisations,25 the dimerisation of 3-fluoro-4-hexadecylthiophene was achieved by 
regioselective metallation with the Knochel-Hauser base at room temperature, followed by 
the addition of 0.5 eq. of Ni(dppp)Cl2. This significantly improved reaction compared to the 
typical CuCl2 oxidative coupling is particularly attractive since it avoids the need for column 
chromatography and the often tedious removal of residual copper salts. Indeed, passing the 
crude reaction mixture through a small pad of silica gel followed by recrystallisation 
provided the product in good yield (73%) and purity. A facile bromination with NBS 
afforded the difluorinated BT monomer, which was copolymerised with 2,5-
bis(trimethylstannyl)thieno[3,2-b]thiophene by microwave-assisted Stille polymerisation to 
give the desired polymer PFBTTT.26,27 For the sake of comparison, PBTTT also with 
hexadecyl sidechains was synthesised under identical conditions. After the reaction the 
polymers were precipitated in acidic methanol (ca. 1M HCl), and stirred for several minutes 
to cleave remaining stannyl groups, and then purified by Soxhlet extraction in methanol, 
acetone, and hexane to remove residual catalyst and oligomeric material. PFBTTT was 
further extracted with chloroform, as oligomeric material was only soluble in chloroform (cf. 
S
C16H33
S
S
S
C16H33F
F
n
S
C16H33 F
S
C16H33
F
S
S
Me3Sn
SnMe3
Pd2(dba)3
TBAF
S
C16H33 F
S
C16H33
F
Br
Br
PFBTTT
NBS P(o-Tol)3
S
Br
TMSTMS
F
Pd(dppf)Cl2
C16H33-ZnBr
µW, 100 ˚C
40 min
S
C16H33
TMSTMS
F
N
MgCl.LiCl
2. Ni(dppp)Cl2
1.
CHCl3/AcOH
µW
S
C16H33F
THF
Fluorination of High-Mobility Polymer PBTTT 
- 150 - 
hexane for PBTTT). Both polymers were then extracted with chlorobenzene, and precipitated 
into methanol. 
5.4  POLYMER CHARACTERISATION AND PHYSICAL PROPERTIES 
Considering the significant influence that molecular weight has on the properties and 
performance of PBTTT,28–30 batches of PBTTT and PFBTTT  with similar molecular weights 
were used for fair comparison (Mn 42 kDa, Mw 63 kDa and Mn 44 kDa, Mw 88 kDa 
respectively). Since PFBTTT is only partially soluble in chlorobenzene but exhibits 
reasonable solubility in TCB at 130 ºC, molecular weights of the polymers were measured in 
a high temperature GPC against polystyrene standands. The low solubility of PFBTTT attests 
for its strong propensity to aggregate in solution. In fact, even dilute solutions of PFBTTT 
left at room temperature for several hours result in macroscopic purple particulates suspended 
in clear solvent. 
5.4.1 Thermal Properties 
 
Figure 5-4 – Conventional differential scanning calorimetry (DSC) thermograms of PBTTT (left) and 
PFBTTT (right). Endothermic transitions are indicated by positive heatflow. 
In DSC experiments at conventional heating and cooling rates of 10 K/min up to 300 ºC, 
PBTTT shows two typical liquid-crystalline reversible transitions (see Figure 5-4), 
corresponding to the side-chain and backbone melts at 126 and 238 ºC respectively 
(endothermic). On the other hand, PFBTTT exhibits only a single non-reversible low 
temperature transition, likely attributed to a sidechain melt, and only when the maximum 
temperature of the heating cycle is raised to 390 ºC does a small exotherm (370 ºC upon 
cooling) appear, suggesting a backbone melt at very high temperatures (ca. 400 ºC).  
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Considering the ill-defined nature of the thermal transitions of PFBTTT using conventional 
heating and cooling rates, and mindful that the 5% weight loss limit of PFBTTT occurs 
beyond 420 ºC (as measured by thermogravimetric analysis), a Flash DSC was used to better 
probe the thermal transitions. Flash DSC allows for fast heating and cooling cycles (>1000 
K/s) to be carried out, thus increasing the sensitivity of the measurements (particularly for 
second-order transitions) and allowing for very high temperature measurements since 
competing decomposition processes can’t occur on such short timescales. One disadvantage 
of this technique is that enthalpies of thermal transitions cannot be extracted from the 
thermograms, since the masses used are too small to be accurately measured. 
 
The Flash DSC thermogram of PFBTTT (see Figure 5-5), measured up to 400 ºC with 
heating and cooling rates of 500 K/s, shows the two well-defined endo and exotherms, 
suggesting that this polymer also exhibits similar liquid-crystalline behaviour to PBTTT. The 
thermogram of PBTTT measured under the same conditions shows that fluorination has a 
dramatic effect on the temperature of the backbone melt transition. Indeed, the melting point 
of PFBTTT is ca. 100 ºC higher than PBTTT, suggesting a much greater degree of 
intermolecular interactions in the former, in agreement with the more planar backbone 
calculated by DFT. Interestingly, significantly less supercooling (ΔT = Tm-Tc) is required to 
cause backbone crystallisation in the case of PFBTTT. Similar behaviour has been reported 
for PBTTT, whereby increasing the molecular weight led to an increased ΔT.28 It was 
suggested that the higher degree of chain-entanglements in high molecular-weight batches 
results in a larger driving-force required for crystallisation. Since molecular weights of 
Figure 5-5 – Flash differential scanning calorimetry (DSC) thermograms of PBTTT (left) and PFBTTT 
(right) as measured at heating and cooling rates of 500 K/s. Endothermic transitions are indicated by 
positive heatflow. Reproduced with permission from Boufflet et al.2 0 
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PBTTT and PFBTTT studied here are similar, the decreased chain-entanglements in PFBTTT 
implied by the lower ΔT2 could likely be a result of a more rigid conjugated backbone, as 
suggested by DFT calculations.  
Perhaps unsurprisingly, the temperatures of the transitions associated with the sidechain are 
similar for both polymers, though they are slightly depressed upon fluorination. A similar 
reduction in sidechain melt and crystallisation temperatures was reported for an analogue of 
PBTTT in which the alkyl sidechains are located on the fused TT moiety rather than the 
flexible BT unit.3 This behaviour was attributed to the requirement of cooperative motion in 
the fused system, and the manifestation of similar behaviour in the PFBTTT system may 
indicate that fluorination planarises the BT unit to such an extent that it begins to behave like 
a fused system. 
Table 5-1 – Summary of thermal properties of polymers measured by conventional DSC at heating and 
cooling rates of 10 K/min, and Flash DSC at heating and cooling rates of 500 K/min. 
 Conventional DSC (ºC)  Flash DSC (ºC) 
 Tm1 Tc1 ΔT1 Tm2 Tc2 ΔT2  Tm1 Tc1 ΔT1 Tm2 Tc2 ΔT2 
PBTTT 126 91 35 238 224 14  65 55 10 249 151 98 
PFBTTT 29 - - - 371 -  55 33 22 353 288 65 
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5.4.2 Optical and electronic Properties 
The UV-vis spectra of the polymers measured in solution at room temperature attest to the 
significant differences in solubility. PBTTT exhibits a single absorption band at 488 nm, 
typical of solubilised polythiophenes.31 This absorption band blue-shifts slightly (12 nm) 
upon heating, which is attributed to the greater kinetic disorder of the polymer backbone and 
therefore reduced effective conjugation. While the PFBTTT absorption spectrum at high 
temperature also shows a broad band at similar wavelengths (λmax = 481), the presence of a 
small shoulder at lower energies suggests the polymer is not fully dissolved. At room 
temperature, PFBTTT is clearly aggregated, as indicated by the significantly red-shifted 
absorption (69 nm) and the pronounced vibronic structure.31 
UV-vis absorption in the thin-film is similar in both polymers, with a ca. 70 nm red-shift in 
the λmax compared to the hot solution spectra, attributed to aggregation and planarisation of 
the backbones upon deposition. The absorption of the two polymers in as-cast films show 
subtly different shapes, with PBTTT exhibiting a featureless absorption band, while the 
absorption profile of PFBTTT possesses some shoulders indicative of vibronic coupling. 
After annealing, both polymers show very similar absorptions once again, with a lower 
energy shoulder arising in the case of PBTTT, and this shoulder becoming more pronounced 
in the case of PFBTTT. The spectra of both polymers also become narrower, mostly from a 
red-shifing of the high-energy region of absorption typically associated with the disordered 
polythiophene backbone. This suggests that upon annealing, disordered portions of the 
polymers become more ordered and crystallise. 
Figure 5-6 – UV-vis spectra in 1,2,4-trichlorobenzene (TCB) solution (left) and thin-film (right) 
spun from TCB at 135 ºC. Reproduced with permission from Boufflet et al.2 0 
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Table 5-2 – Summary of optical and electronic properties of the polymers. Solution UV-vis was measured in 
1,2,4-trichlorobenzene (TCB), and thin-films were spin-cast from hot (135 ºC) TCB solution. Annealing was 
performed at 200 ºC under nitrogen. HOMO is measured by PESA, and the LUMO is approximated from 
HOMO and optical bandgap. 
 
λmax (nm) 
   
 
Solution (Hot) 
Thin Film (Shoulders 
after annealing) Eg, opt (eV) HOMO (eV) LUMO (eV) 
PBTTT 488 (476) 559 (591) 1.91 -5.10 3.19 
PFBTTT 550 (481) 547 (510, 594) 1.93 -5.10 3.17 
 
The two polymers have nearly identical optical bandgaps in as-spun films, and the absorption 
onsets are identical after annealing. The ionisation potentials as measured by PESA are also 
the same. These observations indicate that fluorination of PBTTT at the BT unit does not 
have as significant an effect on the energy levels of the polymer, unlike what was observed 
for F-P3ATs where a ca. 0.3 eV stabilisation of the HOMO is produced, along with an 
increase in the optical bandgap (see Chapter 2 - ).14 The increased contact resistance observed 
in OFET devices (vide infra) suggests that an increase in the IP may in fact be engendered by 
fluorination, but that is not detected by PESA due to the relatively large experimental error 
that is intrinsic to this method (± 0.05 eV). 
5.4.3 Raman Spectroscopy 
Following from the encouraging correlation between backbone planarity and the Raman 
spectroscopy studies performed on the P3OT/F-P3OT pair (see Section 2.3.5), similar 
experiments were performed on PBTTT and PFBTTT (see Figure 5-7). Contrary to P3ATs, 
very little Raman studies have been performed on PBTTT, although a recent study has used 
Raman spectroscopy to deconvolute the disordered and ordered state in a PBTTT/fullerene 
blend.32 For PBTTT, the main Raman modes associated with the aromatic backbone appear 
as 4 bands, with the two lower energy bands corresponding to the BT unit, while the higher 
energy bands arise from the fused TT unit.32 Similar to P3HT,33 the highest energy band 
attributed to the C=C stretch of the TT unit, can be deconvoluted into two bands that are 
attributed to the ordered and disordered regions of PBTTT.32 In PFBTTT, the bands generally 
shift to higher wavenumbers (as is the case in F-P3OT), and the two low energy bands 
essentially coalesce, as do the high-energy bands. In order to assign the Raman peaks in 
PFBTTT, DFT calculations were performed. Interestingly, the broad C=C stretch includes a 
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contribution from the C-F bond, confirming the idea of mesomeric donation of electron 
density by fluorine into the π-system. This mode also shows that the C=C stretch in the TT 
unit is coupled to the C=C stretch of the BT unit it faces, suggesting good electronic 
communication and delocalisation.  
 
Monitoring the Raman modes in the films upon heating (see Figure 5-8) provides interesting 
insights into the backbone behaviour. All thermal transitions are reversible on cooling, 
indicating that they are probing structural changes rather than decomposition pathways. In the 
case of PBTTT, the high-energy C=C peak (which can be used to gauge the level of disorder 
in the polymer chains) shows no change with increasing temperature, until a drastic shift to 
higher energy is observed at around 250 ºC, a temperature that is fairly consistent with the 
backbone melt observed by DSC measurements. Meanwhile the low energy C-C signal shifts 
gradually and consistently to lower energy with increasing temperature. Overall, the shifts in 
energy suggest a decrease in conjugation as was observed in the case of the P3AT system. 
The Raman modes of PFBTTT behave differently, with a concomitant shift of the two bands 
towards lower energies. This may indicate an expansion of the rings. However, both bands 
exhibit a very sharp shift to higher energies as the temperature reaches 350 ºC and beyond. 
Once again, this temperature is in agreement with the melting temperature for the backbone 
of PFBTTT as measured by Flash DSC. Although the C=C shift to higher energies is 
consistent with a decrease in conjugation, the reasons for the same shift for the C-C band are 
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Figure 5-7 – Raman scattering modes of aromatic rings, assigned according to DFT, or previous work by 
Grey et al.3 2 
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less clear. The fact that the band contains contributions from both BT and TT moieties may 
mean more complex Raman modes are observed in a less conjugated system. 
 
 
Figure 5-8 – Temperature dependence of the main Raman modes of PBTTT and PFBTTT (left). Temperature 
dependence of the maximum peak Raman shift for the C-C (middle) and C=C (right) stretches showing the 
sudden changes in peak shift when reaching the melting point of the polymers (249 ºC for PBTTT and 353 ºC 
for PFBTTT). 
The thermal Raman transitions observed in the case of the PBTTT and PFBTTT polymers 
contrast with those of F-P3AT and P3AT in that the sudden changes in peak positions 
coincide with the polymer backbone melt. However, in all cases the transitions occur at or 
above the backbone melt, indicating that the intermolecular forces associated with the 
backbone melt must be overcome before the intramolecular event observed by Raman 
spectroscopy is allowed to happen. While in the case of P3ATs this event can possibly be 
attributed to the full rotation of thiophene rings about the thiophene-thiophene links, there are 
two possible intraring bonds that can be rotated in the case of PBTTT and PFBTTT. If we 
consider that the bond between the thiophene and TT moiety is likely to have a much lower 
barrier to rotation compared to thiophene-thiophene links due to higher resonance energy of 
TT (and therefore reduced extent of conjugation), the behaviour of the Raman spectra for the 
PBTTT-based polymers can be rationalised. The lower barrier to rotation explains why this 
thermal event occurs at slightly lower temperatures in the case of PBTTT (240-250 ºC) 
compared to P3OT (260-270 ºC). Despite the fact that one would expect the barrier to 
PFBTTT 
PBTTT 
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rotation in the case of in the case of PFBTTT to be much lower in energy than that of F-
P3OT (due to the added steric interaction of the fluorine atom with the alkyl chain and 
increased conjugation in the latter case), the rotation of the TT unit in PFBTTT cannot occur 
until the backbone melt has been achieved, thus explaining why the thermal event only 
occurs when the backbone melt is reached (350 ºC). 
5.4.4 OFET Performance and Stability 
Table 5-3 – Summary of OFET performances in bottom-gate top-contact configuration, with film spun from 
TCB at 130 ºC and annealed at 200 ºC for 30 min. 
 µ (cm2 V-1 s-1)   
 Linear Saturated (peak value) Vth (V) Ion/Ioff 
PBTTT 0.048 ± 0.013 0.058 ± 0.0086 (0.069) -0.3 ± 0.6 103-104 
PFBTTT 0.13 ± 0.067 0.23 ± 0.07 (0.32) -17.8 ± 3.0 103-104 
 
 
Figure 5-9 – Output (a and c) and transfer (b and d) characteristics of PBTTT and PFBTTT in bottom-gate 
top-contact devices (channel width and length of 1000 and 50 μm respectively). Both polymers were spin-cast 
from hot 1,2,4-trichlorobenzene. Reproduced with permission from Boufflet et al.20 
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In order to investigate the effect backbone fluorination has on charge transport in the PBTTT 
system, OFET devices from both polymers were fabricated and tested under the identical 
conditions. With the bottom-gate top-contact configuration used, the polymers both exhibit 
unipolar hole-transport behaviour, with good saturation characteristics, low operational 
hysteresis and moderate on/off ratios (103-104). Fluorination has a significant effect on the 
field-effect hole mobility, which is increased by a factor of 4 (on average) from PBTTT to 
PFBTTT (best devices exhibiting µsat = 0.069 and 0.32 cm2 V-1 s-1 respectively). Although the 
mobility of PBTTT obtained as part of this study is marginally lower than that commonly 
reported for PBTTTs in the literature (usually between 0.1-1 cm2 V-1 s-1), this discrepancy was 
primarily attributed to the length of the alkyl chain, the use of spin-coating, the device 
architecture, and the use of TCB as a solvent. Typical high-mobilities reported for PBTTT-
based devices are for the tetradecyl analogue,3 usually with heavily optimised device 
architectures and contact electrodes,13 and/or deposition techniques that promote self-
assembly.34–36 For the hexadecyl-substituted PBTTT, hole-mobilies of the order of 0.1 cm2 V-1 
s-1) have only been reported in few instances, with highly optimised fabrication processes,37,38 
or unique monolayer assembly on an ionic liquid.39 
PFBTTT has a sharper turn-on, but this is also accompanied with a greater magnitude of the 
threshold voltage (Vth) as well as sigmoidal output and Isd1/2 vs. Vg curves. These features 
suggest possible issues with higher contact resistance that may result from increases in IP 
upon fluorination, as well as possible high-lying trap states.8 A possible solution to these 
issues of contact resistance could be to use a higher workfunction electron such as Pt,13 or the 
use of different device architecture in which the source and drain contacts can be 
functionalised with a self-assembled monolayer (SAM) such as pentafluorobenzene thiol in 
order to increase the workfunction of Au.37,40 
The results of air-stability studies for PBTTT-based devices vary considerably throughout the 
literature. Dodecyl and tetradecyl-substituted PBTTT have been reported to be quite unstable 
under ambient conditions, their charge-carrier mobility sharply dropping to 20% of the initial 
value within 5 and 22 days respectively, and off currents rising significantly.3,4 High humidity 
levels have been reported to be particularly detrimental to charge carrier mobility in 
polythiophene derivatives, including PBTTT.3,41 Reversible doping due to minor components 
in the air such as ozone are also thought to contribute to the increases in off currents and 
threshold voltage shifts.42 In the context of hexadecyl-substituted PBTTT, the air-stability is 
considerably better, with Umeda et al. reporting no significant deterioration of the transport 
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characteristics when the polymer was subjected to stress-cycles under ambient conditions for 
2 days.38 
Fluorination is often employed as a method to improve the air-stability of organic 
semiconductors. This is usually attributed to the increased oxidative stability due to a higher 
IP, but the increased crystallinity and closer packing of certain fluorinated derivatives is also 
thought to reduce the permeability of the thin-films towards moisture.43,44 Although the latter 
rationale is perhaps more applicable to fluoroalkyl sidechains, the increased contact 
resistance observed in the PFBTTT devices suggested that a small increase in IP may indeed 
be engendered by fluorination, which may help increase the air-stability of PFBTTT 
compared to PBTTT.  
 
Figure 5-10 – Evolution of transfer characteristics of PBTTT (left) and PFBTTT (right) over time during 
storage at 20 ºC and 50 relative humidity. Reproduced with permission from Boufflet et al.20 
Table 5-4 – Summary of lifetime characteristics of OFET devices for PBTTT and PFBTTT from 0 to 75 days.  
Polymer µsat (cm2V-1s-1)  VTH (V)  Channel Current On/Off Ratio 
0d 3d 55d 75d  0d 3d 55d 75d  0d 3d 55d 75d 
PBTTT 0.058 0.059 0.058 0.059  -1 13 8 1  2.6×102 5.8×101 7.3×101 2.0×102 
PFBTTT 0.18 0.20 0.17 0.16  -22 4 -3 -6  2.8×103 2.3×103 6.6×104 5.3×104 
 
In order to investigate this, OFET devices were fabricated, removed from the glovebox and 
stored in the dark at an average temperature of 20 ºC and relative humidity of 50%. In 
agreement with the aforementioned report by Umeda et al.,38 PBTTT exhibited good air-
stability, with charge-carrier mobilities remaining constant throughout the testing period of 
75 days. On the other hand, Vth and the on/off ratio changed substantially but reversibly. 
Indeed, Vth increased sharply within 2 days while the on/off ratio dropped. However, the 
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original device performance was gradually restored, and after 75 days the device exhibited 
essentially the same characteristics as for the initial testing. Fluorination also had little impact 
on the charge-carrier mobility, which also remained constant throughout the testing period. 
Vth also showed a similar behaviour to that observed for PBTTT, with a sharp increase within 
3 days before gradually returning to the initial value. The stability of PFBTTT differs from its 
non-fluorinated analogue in that it maintains a good on/off ratio which even increases slightly 
over time, and keeps a sharp turn-on. Considering that shifts in Vth and off-currents are 
typical of oxidative doping and the consequent increase in conductivity,42 the greater stability 
of PFBTTT in ambient conditions supports the idea that fluorination increases the oxidative 
stability, despite this not being evident from the measured IP.45,46 
5.5  THIN-FILM MORPHOLOGY 
5.5.1 Grazing incidence Wide-angle X-ray Scattering 
The thin-film morphology of PBTTT has been extensively studied, and it has been shown 
that the inclusion of the TT unit spacer between the BT units leads to interesting molecular 
arrangement such as sidechain interdigitation,9,10,35,47,48 and intercalation32,49–51 of small 
molecules (eg. fullerenes). The favourability of sidechain interdigitation means that PBTTT 
has a relatively high degree of order in the lamellar stacking direction, as is evident from the 
reflection peaks of several orders in the GIWAXS.9,10 Depending on the deposition technique 
and molecular weight of the sample, ordered nanoterraced structures can result from the 
stratification caused by these lamellae.10,36,52 Despite this highly ordered structure, the π-
stacking direction in PBTTT remains fairly disordered from a purely crystalline point of view, 
and so it is typically described as paracrystalline.21,53,54 Considering this relative disorder, the 
high charge carrier mobility observed in PBTTT has therefore been ascribed to its high 
orientational order (edge-on orientation) with respect to the substrate, and the low activation 
energy of trap states.21,35,53  
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Figure 5-11 – 2D Grazing incidence wide-angle X-ray scattering patterns of as-cast (left) and annealed at 150 
ºC (middle) and 200 ºC (right) of PBTTT (top) and PFBTTT (bottom). Reproduced with permission from 
Boufflet et al.20 
In order to probe the effects of backbone fluorination on this characteristic thin-film order 
and better understand the increased OFET performance, GIWAXS analysis was performed 
on the two polymers. In the as-cast films, both polymer show clear lamellar diffraction 
patterns in the out-of-plane direction indicating a preference for the edge-on orientation with 
respect to the substrate. Fluorination does appear to have an effect on the orientational order, 
as evident from the reduced arcing of the diffraction peaks. Indeed, as outlined by Chabinyc 
et al., well-ordered and aligned crystalline domains of PBTTT lead to large but localised 
diffraction patterns, whereas the misaligned domains result in wide and arced diffraction.9 
Backbone fluorination has previously been reported to lead to increased order with respect to 
the substrate, both for edge-on55 and face-on56 crystallites. The lamellar spacing for both 
polymers are similar, at 2.35 nm and 2.33 nm for PBTTT and PFBTTT respectively, and are 
consistent with sidechain interdigitation previously reported in the case of hexadecyl-
substituted PBTTT.49 In both cases however, the π-stacking (010) diffraction peak is very 
weak and ill-defined, consistent with the paracrystalline disorder in that direction. The (010) 
diffraction is arguably more evident in the PFBTTT film, suggesting marginally less disorder 
in the fluorinated polymer.  
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Figure 5-12 – Linescans of a) the out-of-plane and b) in-plane diffraction direction. Reproduced with 
permission from Boufflet et al.20 
As the films are annealed, the lamellar order increases noticeably for both polymers, and 
PFBTTT crystallites become almost exclusively aligned in an edge-on fashion, as evidenced 
by the more localised diffraction peaks and the disappearance of the in-plane (100) 
diffraction peak. In contrast, PBTTT retains the orientational disorder, and even when 
annealed at 200 ºC. Indeed, the in-plane (100) diffraction peak remains intense, and a second 
order diffraction peak (200) becomes evident. The film of PBTTT annealed at 150 ºC 
suggests possible polymorphism, with a distinctive splitting of the lamellar diffraction peaks. 
The exact origins of this are unclear, but the reduction of the d-spacing after annealing to 200 
ºC (to 2.315 nm) suggests that a polymorph with closer interdigitation is accessed. The π-
stacking peak in both polymers becomes only slightly more defined, though once again this is 
more obvious in the case of PFBTTT.  
The GIWAXS, similar to the case of the F-P3AT system, do not allow a clear structure-
property relationship to be defined. Although a greater backbone planarity is implied by other 
experimental techniques, and the consistency in the lamellar d-spacing upon annealing of 
PFBTTT may further this idea, the impact on the molecular packing is minimal. While the π-
stacking diffraction is slightly more prevalent in the PFBTTT films, the low intensity and 
breadth of the signal suggest that the polymer still displays considerable disorder when 
fluorinated. Orientational disorder is decreased however, and this may play a role in the 
improved charge transport properties of PFBTTT. In conjunction with the increased 
backbone rigidity and planarity indicated from other experimental techniques, PFBTTT 
evidently exhibits greater mesoscopic order than PBTTT, an aspect that has been suggested 
to dictate increases in OFET mobility for polythiophene derivatives.57 
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5.5.2 Atomic Force Microscopy 
Having probed the nanostructure of the polymers, the microstructure and surface morphology 
of the films were investigated by atomic force microscopy (AFM) (see Figure 5-13). 
Although the molecular weight of the PBTTT sample investigated is within the range which 
typically exhibits a terraced microstructure,28 AFM images of the film showed no such 
morphology. We attribute this mostly to the different processing conditions and different 
alkyl chain lengths, as previous reports of nanoterraces used dodecyl or tetradecyl sidechains, 
along with tailored deposition techniques from mixtures of chloroform and 1,2-
dichlorobenzene.28,35,36 Films of PBTTT spin-cast from TCB were not continuous, with a 
large amount of pinholes likely resulting from solvent evaporation during drying. The 
discontinuity in PBTTT films may consequently have a deleterious effect on the charge 
transport properties of the polymer, since pinholes may introduce charge traps.  
  
  
  
 
 
 
 
Figure 5-13 – 10x10 µm Atomic force microscopy (AFM) images of PBTTT (a and b) and PFBTTT (c and d). 
Left column contains topography images, and right column displays phase images. Reproduced with 
permission from Boufflet et al.20 
d) c) 
b) a) 
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PFBTTT on the other hand displayed a more continuous film with fewer pinholes but also a 
more fibrillar morphology, which may improve the release of the solvent vapour. The fibrils 
become clearly apparent when the solution concentration is decreased to 2 mg/mL (see 
Figure 5-14). With heights of approximately 5 nm and widths of ca. 100 nm for isolated 
fibres, the fibrils are reminiscent of the nanoribbon morphology reported for PBTTT, but also 
the nanofibres reported for other polythiophenes.31,36 The long axis of polythiophene fibres is 
widely accepted as being the π-stacking direction, while the width of the fibres typically 
represents the length of the polymer backbone.31,36,58–61 Narrow fibrils (ca. 30 nm) are usually 
observed for more flexible polythiophenes such as P3HT due to a greater propensity for chain 
folding,58,62 while the greater conjugation length and more rigid rod-like behaviour of PBTTT 
can lead to wider fibrils on the order of the length of the individual polymer chains.36 In the 
case of PFBTTT, if we consider that a single interdigitated polymer layer is ca. 2.3 nm in size 
(as observed by GIWAXS), the observed fibres are likely comprised of 2 layers of 
interdigitated polymer chains.36 Conservative estimates of the number of repeat units, based 
on GPC results (which overestimates molecular weight by 1.8 in BTTT-based molecules),63 
suggest around 56 repeat units, and assuming a repeat unit length of 1.36 nm as estimated 
from DFT calculations indicates an end-to-end polymer length of 76 nm. Although this is a 
similar length scale as the minimum fibril width (ca. 100 nm), the fact that most PFBTTT 
fibrils agglomerate to form larger scale aggregates tends to suggest that unlike for PBTTT,36 
the width of the fibrils is likely not dictated by the length of the polymer chain and that a 
different molecular arrangement is present in the fibrils. The spontaneous formation of fibrils, 
without the need for annealing does imply that the PFBTTT backbone is particularly stiff and 
rod-like. 
 
Figure 5-14 – 5x5 µm AFM images of PFBTTT (left) and PBTTT (right) cast from 2 mg/mL solution. 
Reproduced with permission from Boufflet et al.20 
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5.6  OLIGOMERIC STUDY 
Obtaining information about structure-property relationships in polymeric materials can be 
complicated, mostly because polymer crystallisation is frustrated by solubilising groups and 
chain entanglements.64 Particularly in the case of polythiophene derivatives, this is further 
complicated by the coexistence of many types of solid phases including amorphous, highly 
entangled domains,65–68 along with a range of two and three-dimensional crystalline 
arrangements of varying lengthscales.9,36,59,60,69,70 Because understanding the solid-state 
packing and order is of paramount importance in order to rationalise and predict charge-
transport properties in polymers,8,53,71 many groups have turned towards studies on 
corresponding oligomers to study and emulate the ordered and particularly crystalline 
domains of polymers.29,72–78 Investigating the crystallinity of PBTTT via the ‘oligomer 
approach’ has thus garnered significant interest and led to considerable progress in the recent 
years, enabling the elucidation of the crystal-packing modes of the BTTT unit as a function 
of oligomer and sidechain length,64,72,79 as well as provided insights into charge transport 
mechanisms29,80,81 and fullerene intercalation and cocrystallisation within the BTTT motif.63,82  
In light of the success of these studies, a similar oligomeric approach was undertaken in order 
to better understand the solid-state behaviour of PFBTTT, particularly the planarising effect 
of the fluorine atom. The objective of the endeavor was to synthesise and characterise the 
monomer and dimer of PFBTTT, herein referred to as FBTTT-1 and FBTTT-2 respectively. 
The ultimate goal being to produce single crystals of these materials for crystal structure 
elucidation, a tetradecyl solubilising sidechain was chosen, for two main reasons. Firstly, the 
hexadecyl sidechain, used for the parent polymer was deemed too long and waxy, with too 
many degrees of freedom and was therefore unlikely to produce single crystals. Secondly, 
shorter sidechains such as the dodecyl used in previous studies63,79 were deemed unlikely to 
be able to solubilise the FBTTT-2 in case of particularly strong inter- and intramolecular 
effects of the fluorine atom. For comparison, the corresponding non-fluorinated analogues 
BTTT-1 and BTTT-2 were also synthesised. 
5.6.1 Synthesis 
The synthesis of the nonfluorinated oligomers was straightforward, and involved the 
synthesis of previously reported BTTT-1 (also with tetradecyl sidechains),5 followed by 
monobromination and finally a Pd-catalysed Stille dimerisation according to the procedure 
used for shorter alkylchain analogues.63,79 The synthesis of the fluorinated analogues was 
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achieved by first alkylating the 2,5-bis(trimethylsilyl)-3-bromo-4-fluorothiophene building 
block by Negishi coupling, similar to the synthesis of the hexadecyl analogue for PFBTTT.  
However, since tetradecylzinc bromide is not commercially available, the alkylating reagent 
was prepared from the hexadecyl bromide in a one-pot procedure outlined by Knochel et al.22 
After bromination and purification of the intermediate by reverse-phase chromatography, the 
key 2-bromothiophene derivative was produced using the regioselective bromine/magnesium 
exchange and protonolysis mentioned in Section 2.2.3. Stille cross-coupling of this 
intermediate with 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene with the same catalytic 
system as that used of the formation of polymer PFBTTT produced the single repeat unit, 
FBTTT-1. Further reaction of FBTTT-1 using the same bromination-dimerisation approach 
used to make BTTT-2 afforded the dimeric FBTTT-2.  
5.6.2 Characterisation and thermal properties 
The FBTTT oligomers were slightly less soluble than the BTTT derivatives, and FBTTT-2 
required mild heating to 80 ºC in 1,1,2,2-tetrachloroethane-d2 (TCE) in order to be soluble at 
the concentrations necessary to record NMR spectra. The impact of fluorination on the 
solubility was nevertheless much lower than in the case of the polymers. NMR and matrix-
assisted laser desorption ionisation time of flight (MALDI-TOF) measurements confirmed 
S
C14H29 F
S
S Sn
Sn F C14H29
S
S
S
F C14H29
S Br
+
Pd2dba3
P(o-Tol)3
Toluene
Reflux
S
C14H29 F
F C14H29
S
S
S
Br
NBS
S
C14H29 F
F C14H29
S
S
S S
C14H29 F
F C14H29
S
S
S
Me3Sn-SnMe3
FBTTT-2
FBTTT-1
Pd2dba3
P(o-Tol)3
FBTTT-1-Br
CHCl3/AcOH
F Br
S TMSTMS
F C14H29
S TMSTMS
F C14H29
S BrBr
C14H29ZnBr.MgCl2.LiCl
F C14H29
S BrPdCl2(dppf)100 ºC
µW
Br2
CHCl3/AcOH
2. MeOH
1. iPrMgCl.LiCl
THF
S
C14H29
C14H29
S
S
S
NBS
BTTT-1
CHCl3/AcOH TolueneReflux
S
C14H29
C14H29
S
S
S
Br
S
C14H29
C14H29
S
S
S S
C14H29
C14H29
S
S
S
Me3Sn-SnMe3
BTTT-2BTTT-1-Br
Pd(PPh3)4
Scheme 5-3 – Synthetic routes to the monomers and dimers of BTTT and FBTTT  
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the successful syntheses of the oligomers and their respective brominated intermediates (see 
Figure 5-15).  
 
 
Figure 5-16 – Conventional DSC thermograms of the monomers and dimers of BTTT and FBTTT at heating 
and cooling rates of 10 K/min. Solid lines indicate the first heating and cooling cycle, and the dotted lines 
indicate the second heating. Temperatures and enthalpies in parentheses are for exothermic events on heating. 
Endothermic transitions are indicated by positive heatflow.  
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Figure 5-15 – Selected regions of Matrix assisted laser desorption ionisation – Time of flight (MALDI-TOF) 
spectra of the oligomers and intermediates. Presence in the spectrum of FBTTT-1 of a signal corresponding 
to BTTT-1 is attributed to fragmentation since no BTTT-1 is observed in the 1H and 1 3C NMR. 
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Table 5-5 – Summary of melting (Tm) and crystallisation (Tc) temperatures of the oligomers, along with the 
corresponding enthalpy (ΔHm and ΔHc respectively). 
 Tm1 (ºC) Tc1 (ºC) Tm2 (ºC) ΔHm1 (J/g) ΔHc1 (J/g) ΔHm2 (J/g) 
BTTT-1 32/75/84 63 (76) 30/75/81 31/29/101 104 (10) 6/69/29 
BTTT-2 71/100 45 106 12/78 69 70 
FBTTT-1 91 55 91 115 80 115 
FBTTT-2 124 100/46 (78) 122 54 13/10 (26) 47 
 
With polymorphism in the backbone and sidechains being common in oligothiophenes, it 
comes as no surprise that the thermal properties of the oligomers are complex, with all but 
FBTTT-1 clearly exhibiting multiple endotherms. In fact, the broadness of the melting peak 
for FBTTT-1, along with the wavering baseline in the second heating cycle around the Tc1 
tends to indicate that this oligomer may also have more than one crystal morphology. 
Furthermore, despite ΔHm1 and ΔHm2 matching well (115 J/g), ΔHc1 is 35 J/g lower 
suggesting that gradual cold crystallisation must be occurring during the second heating cycle 
and before Tm2. Interestingly, BTTT-1, here with tetradecyl sidechains, has significantly 
different thermal behaviour to the dodecyl analogue.63,79 In the latter case, a single melt is 
observed at 71 ºC, while in case of BTTT-1 three distinct endothermic transitions are present. 
An initial melt at 32 ºC possibly indicates a melting of the sidechains, and is reminiscent of 
the first liquid-crystalline transition in PBTTT. In the same region as the melt of the dodecyl-
substituted BTTT (75 ºC), an exothermic event is immediately followed by a cold 
crystallisation and a subsequent, much larger melt (84 ºC). In the second heating cycle, the 
relative enthalpies of these two melts are reversed. This could be due to a more favourable 
crystallisation of the first of these high-temperature events at the cooling rates employed, or 
due to an overlapping of the cold crystallisation with the high-temperature melt, which would 
effectively lead to a decreased net heat flow. A combination of these explanations is likely, 
since the Tc of the cold crystallisation event is significantly higher than Tc1 yet is not observed 
in the cooling cycle, and the sum of the ΔHm in the second heating cycle is substantially 
lower than for the first cycle. These clearly different thermal behaviours between the 
tetradecyl and dodecyl analogues suggests a significant difference in molecular packing 
engendered by the increased length of the sidechain. Considering that longer sidechains are 
more likely to interdigitate, is not unreasonable to expect that such interdigitation, not 
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observed in the dodecyl BTTT,63 may play a role in the complex thermal behaviour of BTTT-
1.  
BTTT-2, after a small endotherm at 71 ºC, exhibits what appears to be two closely 
overlapping melts around 100 ºC. In the second heating cycle, the low-temperature 
endotherm disappears, and these the remaining melts, reminiscent of the two clear melting 
transitions reported for the dodecyl analogue of BTTT-2,63 are somewhat resolved. FBTTT-2 
shows similar behaviour in that it also has two overlapping transitions that broaden in the 
second heating cycle. However, FBTTT-2 exhibits more complex crystallisation behaviour, 
with high (100 ºC) and low (46 ºC) temperature exotherms, and an additional cold 
crystallisation (78 ºC) in the second heating cycle. The sum of the enthalpies of these 
crystallisation transitions closely matches the two ΔHm for both heating cycles. This suggests 
that the cold crystallisation is a result of incomplete and frustrated crystallisation of FBTTT-2 
when cooling at 10 K/min, perhaps because the increased rigidity of the conjugated backbone 
slows the rate of crystallisation. 
As is the case with the polymers, the uppermost melting point of BTTT-1 and BTTT-2 is 
shifted to a higher temperature upon fluorination, which along with the reduced solubility 
further demonstrates the increased inter- and intramolecular forces. The enthalpies of the 
thermal transitions on the other hand are decreased in the fluorinated BTTT oligomers. This 
behaviour (increased melting point and decreased enthalpy) is similar to that observed when 
increasing the number of repeat units of the dodecyl BTTT oligomers,63,79 as well as 
quaterthiophene analgues.72 
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5.6.3 Optoelectronic Properties 
 
The thin-film UV-vis absorption spectra of BTTT-1 and BTTT-2 have nearly the same shape 
as the dodecyl analogues previously reported in the literature.63,79 Considering that thin-film 
microstructure has a considerable impact on the UV-vis spectra of π-conjugated materials, 
this tends to suggest that although extending the alkyl chain possibly leads to different 
polymorphs in the bulk crystals (as suggested by DSC), morphologies of spin-cast thin-films 
of the tetradecyl and dodecyl analogues are likely to be similar within the corresponding 
oligomer. The crystal packing observed in thin-films of dodecyl-substituted BTTT monomer 
and dimer are different to each other, but similar to the corresponding bulk crystal.63 However, 
in both cases the thin-film unit cells show roughly half the d-spacing in the lamellar direction 
when compared to the bulk crystal, suggesting a more symmetric crystal packing.63 It is likely 
that the fast drying imposed by spin-casting limits the influence of the sidechains on the 
crystal packing. Indeed, the greater degrees of freedom of alkyl sidechains compared to 
conjugated backbones may mean they cannot crystallise as rapidly, and this may explain the 
similar UV-vis features for BTTT-1 and BTTT-2 with their dodecyl analogues. 
As expected, increasing the conjugation increasing the number of repeat units leads to a red-
shift in the absorption due to increase conjugation. Fluorination of the oligomers has a 
smaller impact on the absorption of BTTT-2 than BTTT-1. While FBTTT-1 has a broader 
absorption than BTTT-1, the onset of absorption is slightly higher in energy. FBTTT-2 also 
exhibits a small blue-shift in absorption onset compared to BTTT-2, and the conclusion from 
these two observations is that backbone fluorination widens the optical bandgap slightly, as 
was observed in the F-P3AT system.14 With this effect diminishing with increasing 
Figure 5-17 – Thin-film UV-vis spectra (left) of the monomers and dimers of BTTT and FBTTT. Schematic 
representing energy levels with IP measured by ultraviolet photoemission spectroscopy (UPS), and EA 
estimated from the optical bandgap and IP. 
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conjugation length, it is therefore not surprising that the corresponding polymers exhibit the 
same optical bandgap (see Section 5.4.2). The ionisation potential, as measured by UPS, 
again shows the biggest impact of the electron-withdrawing fluorine on the monomers. The 
IP is increased by 0.51 eV from BTTT-1 to FBTTT-1, while in the case of BTTT-2 and 
FBTTT-2, the difference is only 0.07 eV. Once again, the fact that the polymers exhibit a 
very similar IP is therefore unsurprising, and it worth noting that the IP of BTTT-2 and 
FBTTT-2 are within experimental error of the polymer IPs.  
5.6.4 Solid-state Behaviour 
In order to study the influence of fluorination on the solid-state packing, single crystal growth 
was attempted for each of the oligomers. BTTT-1 easily formed large yellow plate-like 
crystals with dimensions of ca. 1 mm after slow evaporation from hexane solution, while 
BTTT-2 crystallised as thin red needles of lengths on the order of 1 mm from slow cooled 
saturated solution in acetone/hexane/chloroform mixture. In contrast to the relatively easy 
crystal formation of the non-fluorinated oligomers, the FBTTTs appear to be much less prone 
to growing the large crystals necessary for single crystal x-ray diffraction analysis. 
Approaches including slow evaporation at room temperature or 5 ºC (hexane, toluene, o-
xylene, chloroform, chlorobenzene, acetone, ethanol, isopropanol, MEK, 2-methyl-2-butanol), 
slow cooling of saturated solution (hexane, 1,2-dichloroethane, ethanol), and a variety of 
solvent/anti-solvent combinations were attempted, with no success. The best attempt was 
obtained from slow evaporation of an o-xylene solution of FBTTT-1 which yielded thin 
colourless needles with a maximum width of ca. 10 µm (See Figure 5-18). 
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Figure 5-18 – Optical microscopy image of crystals of FBTTT-1 formed from slow evaporation of o-xylene 
showing the two types of crystallisation, needle and clusters of fibres. 
Interestingly, a second type of crystal is produced from this method, with vastly different 
dimensions. The much thinner, fibre-like crystals appear as highly entangled and 
interconnected clusters. The difficulties of forming larger crystals in either FBTTT-1 or 
FBTTT-2 may be an indication that the rate of crystallisation is too slow compared to the rate 
of nucleation, and the high aspect-ratio suggests only one-dimensional crystal growth is 
favourable. Although the specific effects of fluorination on the crystal packing were not 
elucidated, from the differences in crystallisation behaviour of the BTTT oligomers and their 
fluorinated counterparts it is clear that the impact of the fluorine atoms is considerable, and 
merits further investigation. 
Despite the unsuccessful efforts in crystallising the FBTTT molecules, a single crystal of 
3,3'-difluoro-4,4'-dihexadecyl-2,2'-bithiophene was gratifyingly obtained from slow 
evaporation of chloroform (see Figure 5-19). The compound packs in a triclinic unit cell, 
with the planar bithiophene unit arranged in a 1D slipped π-stack. A center of inversion is 
present along the bithiophene moiety and thus the two thiophene rings are perfectly co-planar. 
This contrasts with the reported crystal structures of non-fluorinated 4,4’-dialkyl-2,2’-
bithiophenes, where both the methyl and nonyl-substituted bithiophenes exhibit a 
herringbone packing arrangement as is common in many oligothiophenes, despite also having 
co-planar thiophene rings.75,83 On the other hand, the compound has a very similar molecular 
arrangement to that observed for 4,4’-dinonyl-2,2’-bithiazole.75 Furthermore, whereas the 
sidechains interdigitate in the nonyl-substituted bithiophene, the much longer hexadecyl 
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sidechains in the fluorinated bithiophene do not. In all cases, fluorinated or not, the 
bithiophene moiety is planar suggesting that the crystal packing forces are large enough to 
overcome the steric repulsion. This is particularly interesting in the case of the fluorinated 
bithiophene compound since the substitution of the 3-position is expected to lead to a 
twisting of the thiophene-thiophene link due to steric hindrance. Furthermore, the inter-ring 
distance between these two atoms is significantly shorter than the sum of their respective Van 
der Waals radii (S-F distance is 2.94 Å, sum of Van der Waals radii is 3.27 Å)84 and thus 
supports the idea of a non-covalent S-F interaction postulated in the case of PFBTTT and F-
P3ATs. 
 
Figure 5-19 – ORTEP crystal structure of 3,3'-difluoro-4,4'-dihexadecyl-2,2'-bithiophene (bottom), and its 
crystal packing from key angles showing the planarity of the bithiophene unit, and the slipped π-stacking 
motif. Note that alkyl chains are cropped in two crystal packing images, and hydrogen atoms are omitted for 
simplification. Grey atoms represent carbon atoms, green represent fluorine, and yellow represent sulfur. 
5.7  CONCLUSIONS 
Building upon the structural and morphological teachings of backbone fluorination in the 
P3AT system, namely increased backbone planarity and rigidity, a fluorinated derivative of 
the high-mobility polymer PBTTT was designed and synthesised. Due to the fluorine atom 
on the alkylthiophene building block hindering the dimerisation via the well-established 
Cu(II)-mediated oxidative coupling, a different synthetic pathway was developed. After the 
successful synthesis of the polymer PFBTTT, various experimental techniques were used to 
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probe manifestations of backbone planarisation. For additional insights into the influence of 
fluorination on the properties of the polymer, the analogous monomer and dimers were also 
synthesised, via slight modifications of established routes to oligo-BTTT. Despite the degree 
of fluorination being roughly half that of F-P3ATs, the impact on the properties of PFBTTT 
are still evident. The reduced solubility and substantially increased melting point compared to 
the reference PBTTT polymer suggests that the fluorinated polymer has a much greater 
propensity to aggregate and has greater intermolecular forces. Similar behaviour in the 
oligomeric analogues further supports these conclusions. The UV-vis spectra of the polymers 
also indicate an increased vibronic structure, qualitatively indicating that the PFBTTT 
polymer is more aggregated and less disordered than PBTTT. 
Different to the case backbone fluorination of the P3AT polymers, the measured IP of 
PFBTTT does not suggest any significant shift of the HOMO upon fluorination in the 
polymers. There are however some indirect indications from the OFET results that point 
towards some influence of the fluorine atom. The manifestation of contact resistance in 
PFBTTT implies that charge injection is hampered, as one might expect if the IP of the 
semiconductor is increased. In addition, PFBTTT shows greater ambient stability, and is 
more resistant to the formation of traps due to oxidation. While fluorination does 
significantly stabilise the frontier molecular orbitals of the oligomers, the effect decreases 
with increasing conjugation length, corroborating the behaviour observed in the polymer 
system. 
The four-fold increase in hole-carrier mobility when fluorinating the BT unit is consistent 
with the conclusions drawn from the F-P3AT polymer system, namely that the fluorine atom 
increases backbone planarity and rigidity, thereby reducing the disorder in the energetic 
landscape and facilitating charge transport. This conclusion was also supported by DFT 
calculations on the PBTTT system, which demonstrated the fluorinated BT unit adopts a 
narrow distribution of conformations about the trans coplanar conformer. Single crystal X-
ray diffraction of the isolated fluorinated BT unit supports this computational data, and an S-
F short-contact even suggests a possible non-covalent intramolecular interaction. In addition 
to the minimium energy conformation of the BT unit being fully coplanar, the tapered-nature 
of the potential energy suggests that the BT unit is significantly rigidified upon fluorination. 
This effect manifests itself in the Raman stretches of the C=C and C-C bonds of the polymers, 
particularly in temperature dependent measurements, which suggest that the conjugation is 
more difficult to break in PFBTTT.  
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In addition to increased order on the molecular scale, the morphology is also affected by 
fluorination. The high degree of orientational order with respect to the substrate, as observed 
by GIWAXS, along with the spontaneous formation of nanofibres upon spin-coating 
indicates a high propensity for self-assembly and good registry between polymer chains. 
While it is difficult to infer any clear conclusions from the solid-state and crystallisation 
behaviour of the oligomers, fluorination clearly has an influence. Similar to the polymer 
system, the fluorine atom increases the inter and/or intramolecular interactions, though this 
does not necessarily manifest itself in increased crystallinity.  
Overall, these results serve to further support the structure-property relationship suggested 
from the fluorination of P3ATs. Backbone planarisation upon the introduction of fluorine 
atoms along the π-system is confirmed to occur in another polythiophene derivative, and 
indirect evidence of an S-F intramolecular interaction is also presented. It is worth noting that 
in both cases, the fluorine atom points towards a sulfur atom, across a thiophene-thiophene 
link, therefore this relationship cannot at this point be applied to other aromatic systems or 
geometries.  
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5.9   EXPERIMENTAL 
General:  Reagents and chemicals were purchased from Aldrich and Acros, except 
hexadecylzinc bromide, which was purchased from Rieke Metals. PBTTT,4 2,5-
bis(trimethylstannyl)thieno[3:2-b]thiophene4, 2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-
b]thiophene (BTTT-1),5 and 3-bromo-4-fluoro-5-bis(trimethylsilyl)thiophene14 were 
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synthesised as previously reported. Melting points were taken as peak maximum of DSC 
traces in all cases. 
All reactions were carried out under argon using anhydrous solvents and reagents as 
commercially supplied, unless otherwise stated. 1H, 19F and 13C NMR spectra were recorded 
on a Bruker AV-400 (400 MHz), using the residual solvent resonance of chloroform-d or 
1,1,2,2-tetrachloroethane-d2 and are given in ppm. Microwave experiments were performed 
in a Biotage initiator V 2.3. Polymer molecular weight and dispersity (Đ) analysis was 
completed via gel-permeation chromatography (GPC) in 1,2,4-trichlorobenzene at 140 °C 
using a Polymer Laboratories PL-220 high- temperature GPC instrument calibrated against 
polystyrene standards. Electrospray mass spectrometry was performed with a Thermo 
Electron Corporation DSQII mass spectrometer. MALDI-TOF measurements were 
performed with a Waters MALDI Micro MX spectrometer in reflectron mode, without matrix. 
UV-vis spectra were recorded on a UV-1800 Shimadzu UV-vis spectrometer. Flash 
chromatography was performed on silica gel (Merck Kieselgel 60 230-400 mesh), or on 
reverse phase silica (Biotage SNAP KP-C18-HS cartridges). Photo Electron Spectroscopy in 
Air (PESA) measurements were recorded with a Riken Keiki AC-2 PESA spectrometer with 
a power setting of 5nW and a power number of 0.5.  
Samples for PESA were prepared on glass substrates by spin-coating. Differential scanning 
calorimetry (DSC) measurements, using ca. 3 mg of material, were conducted under nitrogen 
at scan rate of 10 °C/min with a TA DSC-Q20 instrument. Flash DSC was performed on a 
Mettler Toledo Flash DSC 1 at a scan rate of 500 K s-1. AFM images were obtained with a 
Picoscan PicoSPM LE scanning probe in tapping mode.  
Grazing Incident Wide-Angle X-ray Scattering (GIWAXS) measurements were performed at 
D-line, Cornell High Energy Synchrotron Source (CHESS) at Cornell University. A wide 
band-pass (1.47%) x-ray with a wavelength of 1.15 Å was shone on the samples with a 
grazing incidence angle of 0.15º. A Pilatus 200k area detector was placed at a distance of 
195mm from the samples. A 1.5 mm wide tantalum rod was used to block the intense 
scattering in the small-angle area. The exposure time was 1s. High resolution x-ray 
diffraction measurements were carried out at G2, Cornell High Energy Synchrotron Source 
(CHESS) at Cornell University. The thin films were aligned on a Kappa diffractometer to 
record the θ-2θ scans. The wavelength of x-ray was 1.107 Å. An attenuator was used to 
allow ~1/7 beam flux through and avoid saturation in the case of PBTTT sample at 200 ºC 
annealing.  
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Raman spectra were measured using a Renishaw inVia Raman Spectrometer with 785 nm 
diode laser excitation. Laser power at the sample was 130 mW focussed to a 40 μm2 area. 
The photoluminescence background was subtracted from the spectra using a polynomial 
baseline and then the spectra were normalised to the main peak. A Linkam THMS600 hot-
cold cell purged with nitrogen was used to prevent polymer degradation as well as to control 
the temperature of the sample. For room temperature measurements the total laser exposure 
time was 25s, the exposure time for temperature dependent spectra was 10s. Starting from 
room temperature, the sample was heated at 10 °C/min to 300 °C or 410 °C, then held for 10 
mins before cooling at 10 °C/min. The temperature was held for 1 minute at every 10° 
interval in order to measure spectra.  
 
UPS measurement was performed using an Omicron SPHERA hemispherical analyzer and a 
He I (21.22 eV) excitation light source. Films were spun on UV-ozone treated Au/Cr/SiO2 
substrates from a solution of 2 mg/mL in chloroform. 
 
DFT calculations were carried out using the B3LYP hybrid functional and the 6-31g(d) basis 
set in the GAUSSIAN09 software package.85 Alkyl chains were replaced with a propyl group 
to simplify calculations and reduce computational time. Structures were optimised, and a 
frequency analysis performed. Potential energy scans were performed on the trimers using 
the redundant coordinate editor and scanning the indicated dihedral angle in 36 steps of 10° 
increments. 
For OFET device preparation, all film formation and characterisation steps were carried out 
under inert atmosphere. Bottom gate/top contact devices were fabricated on heavily doped n+-
Si (100) wafers with 400 nm-thick thermally grown SiO2. The Si/SiO2 substrates were treated 
with trichloro(octadecyl)silane (OTS) to form a self-assembled monolayer. The polymers 
were dissolved in hot 1,2,4-trichlorobenzene (5 mg/ml) and spin-cast at 2000 rpm from a hot 
solution for 60 s before being annealed at 200 °C for 30 min. Au (30 nm) source and drain 
electrodes were deposited onto the polymer film under vacuum through shadow masks. The 
channel width and length of the transistors are 1000 µm and 50 µm, respectively. Transistor 
characterisation was carried out under nitrogen using a Keithley 4200 parameter analyzer. 
Mobility was extracted from the slope of ID1/2 vs. VG. 
Synthesis of 3-fluoro-4-hexadecylthiophene:  
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In a dry 20 mL Biotage microwave vial 2,5-bis(trimethylsilyl)-3-bromo-4-fluorothiophene 
(2.00g, 6.15 mmol) and [1,1′-bis(diphenylphosphino)ferrocene]dichloropalladium(II) 
dichloromethane complex (251 mg, 0.307 mmol) were added. The vial was capped, 
evacuated and backfilled with argon 3 times, before adding hexadecylzinc bromide solution 
(16.0 mL, 0.5 M in THF). After stirring at room temperature for 2 min, the vial was heated 
for 1 h in a microwave reactor at 100 °C. The resulting mixture (solid at room temperature) 
was heated to 40 °C, poured into acetone and filtered. The solvent of the filtrate was removed 
in vacuo, and the residue passed through a pad of silica using hexane, and the solvent was 
again removed in vacuo. In a 100 mL round-bottomed flask, the resulting crude mixture was 
dissolved in dry THF (10 mL), and cooled to 0 °C before N-tetrabutylammonium fluoride 
(21.5 mL, 1 M solution in THF) was added. The reaction was stirred for 2 h before quenching 
with water and extracting with diethyl ether (3 x 100 mL). The organic extracts were dried 
over MgSO4 and the solvent removed in vacuo. The crude mixture was purified by column 
chromatography on silica, using hexane as eluent, to yield the product as a white waxy solid 
(300 mg, 15% over 2 steps). mp: 27 °C. 1H NMR (400 MHz, CDCl3) δ (ppm):  6.82 (dd, J = 
3.8, 3.8 Hz, 1H), 6.64 (d, J = 3.6 Hz, 1H), 2.53 (t, J = 7.6 Hz, 2H), 1.69 – 1.54, (m, 2H), 1.37 
– 1.21 (m, 26H), 0.89 (t, J = 6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 157.1 (d, J 
= 259.0 Hz), 132.0 (d, J = 23.2 Hz), 119.8 (d, J = 7.8 Hz), 102.9 (d, J = 21.5 Hz), 32.1, 30.0 
- 29.8 (overlapping signals), 29.8, 29.6, 29.4, 29.4, 27.0, 22.9, 14.3. 19F NMR (377 MHz, 
CDCl3) δ (ppm): -132.25. HRMS (EI)+ Calculated for C20H35FS: 326.2444; found, 326.2452. 
 
Synthesis of 3,3'-difluoro-4,4'-dihexadecyl-2,2'-bithiophene:  
To a solution of 3-fluoro-4-hexadecylthiophene (400 mg, 1.23 mmol) in dry THF (3.5 mL) at 
room temperature was added (2,2,6,6-tetramethylpiperidinyl)magnesium chloride lithium 
chloride complex (1.59 mL, 1 M solution in THF/toluene) dropwise. The reaction was stirred 
for 1 h before a dispersion of [1,3-bis(diphenylphosphino)propane]dichloronickel(II) (333 mg, 
0.615 mmol) in dry THF (7 mL) was added. The solution turned from orange to dark 
brown/black, and solidified. After diluting with THF and warming slightly to break up the 
solid, the reaction mixture was poured into dilute HCl and extracted with chloroform (3 x 50 
mL). The solvent was removed in vacuo, and the residue passed through a small pad of silica 
using dichloromethane as eluent. The solvent was removed in vacuo, and the residue was 
recrystallised from acetone to yield the product as a pale yellow solid (290 mg, 73 %). This 
purity was sufficient for further reactions, but subsequent recrystallisation from hexane 
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resulted in a higher purity necessary for producing single-crystals for X-ray diffraction. mp 
(hexane): 92 °C. 1H NMR (400 MHz, CDCl3) δ (ppm):  6.80 (d, J = 3.1 Hz, 2H), 2.52 (t, J = 
7.8 Hz, 4H), 1.67 – 1.56 (m, 4H), 1.37 – 1.21 (m, 52H), 0.88 (t, J = 6.7 Hz, 6H). 13C NMR 
(100 MHz, CDCl3) δ (ppm): 152.6 (d, J = 263.3 Hz), 132.0 (d, J = 23.4 Hz), 118.1 (t, J = 7.0 
Hz), 110.2, 32.1, 30.0 - 29.8 (overlapping signals), 29.7, 29.5, 29.4, 29.2, 27.2, 22.9, 14.3. 19F 
NMR (377 MHz, CDCl3) δ (ppm): -128.94 (d, J = 3.4 Hz).  
 
Single crystal X-ray crystallography data for 3,3'-difluoro-4,4'-dihexadecyl-2,2'-bithiophene: 
Identification code MJH1502 
Formula C40 H68 F2 S2 
Formula weight 651.06 
Temperature 173 K 
Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 5.4030(2) Å a = 80.963(5)° 
 b = 8.2952(5) Å b = 84.810(4)° 
 c = 22.3976(14) Å g = 73.318(5)° 
Volume, Z 948.55(9) Å3, 1 
Density (calculated) 1.140 Mg/m3 
Absorption coefficient 1.537 mm-1 
F(000) 358 
Crystal colour / morphology Colourless platy needles 
Crystal size 0.37 x 0.10 x 0.02 mm3 
q range for data collection 2.000 to 73.532° 
Index ranges -6<=h<=4, -10<=k<=8, -27<=l<=25 
Reflns collected / unique 5078 / 3585 [R(int) = 0.0245] 
Reflns observed [F>4s(F)] 3086 
Absorption correction Analytical 
Max. and min. transmission 0.976 and 0.748 
Refinement method Full-matrix least-squares on F2 
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Data / restraints / parameters 3585 / 0 / 200 
Goodness-of-fit on F2 1.056 
Final R indices [F>4s(F)] R1 = 0.0393, wR2 = 0.1056 
R indices (all data) R1 = 0.0467, wR2 = 0.1108 
Largest diff. peak, hole 0.398, -0.284 eÅ-3 
Mean and maximum shift/error 0.000 and 0.000 
Bond lengths [Å] and angles [°] for 3,3'-difluoro-4,4'-dihexadecyl-2,2'-bithiophene. 
 
S(1)-C(5) 1.7224(15) 
S(1)-C(2) 1.7312(14) 
C(2)-C(3) 1.364(2) 
C(2)-C(2)#1 1.452(3) 
C(3)-F(3) 1.3516(17) 
C(3)-C(4) 1.417(2) 
C(4)-C(5) 1.357(2) 
C(4)-C(6) 1.5076(19) 
C(6)-C(7) 1.5249(19) 
C(7)-C(8) 1.529(2) 
C(8)-C(9) 1.5229(19) 
C(9)-C(10) 1.526(2) 
C(10)-C(11) 1.524(2) 
C(11)-C(12) 1.525(2) 
C(12)-C(13) 1.525(2) 
C(13)-C(14) 1.522(2) 
C(14)-C(15) 1.524(2) 
C(15)-C(16) 1.524(2) 
C(16)-C(17) 1.525(2) 
C(17)-C(18) 1.528(2) 
C(18)-C(19) 1.524(2) 
C(19)-C(20) 1.521(2) 
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C(20)-C(21) 1.524(2) 
 
C(5)-S(1)-C(2) 92.14(7) 
C(3)-C(2)-C(2)#1 129.21(17) 
C(3)-C(2)-S(1) 108.22(10) 
C(2)#1-C(2)-S(1) 122.56(15) 
F(3)-C(3)-C(2) 121.79(13) 
F(3)-C(3)-C(4) 121.10(13) 
C(2)-C(3)-C(4) 117.10(13) 
C(5)-C(4)-C(3) 109.25(13) 
C(5)-C(4)-C(6) 127.49(13) 
C(3)-C(4)-C(6) 123.25(13) 
C(4)-C(5)-S(1) 113.28(11) 
C(4)-C(6)-C(7) 114.03(13) 
C(6)-C(7)-C(8) 112.74(13) 
C(9)-C(8)-C(7) 112.04(13) 
C(8)-C(9)-C(10) 114.27(13) 
C(11)-C(10)-C(9) 112.97(13) 
C(10)-C(11)-C(12) 113.96(13) 
C(13)-C(12)-C(11) 113.23(13) 
C(14)-C(13)-C(12) 113.98(13) 
C(13)-C(14)-C(15) 113.45(13) 
C(14)-C(15)-C(16) 113.45(14) 
C(15)-C(16)-C(17) 113.68(14) 
C(16)-C(17)-C(18) 112.98(14) 
C(19)-C(18)-C(17) 113.84(14) 
C(20)-C(19)-C(18) 112.78(14) 
C(19)-C(20)-C(21) 113.75(16) 
 
Symmetry transformations used to generate equivalent atoms: 
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#1 -x,-y+1,-z 
 
Synthesis of 5,5’-dibromo-3,3'-difluoro-4,4'-dihexadecyl-2,2'-bithiophene:  
To a solution of 3,3'-difluoro-4,4'-dihexadecyl-2,2'-bithiophene (265 mg, 0.408 mmol) in a 
mixture of chloroform (20 mL) and acetic acid (3 mL) was added N-bromosuccinimide (154 
mg, 0.815 mmol) in the absence of light. The solution was stirred overnight, quenched with 
saturated Na2SO3 solution, and extracted with chloroform (3 x 100 mL). The organic layer 
was washed with 1 M NaOH (50 mL), water (50 mL), and brine (50 mL), and the solvent was 
removed in vacuo. The residue was recrystallised from a mixture of acetone and ethyl acetate 
(1:1), to yield the product as a pale yellow solid (245 mg, 75%). mp (hexane): 87 °C. 1H 
NMR (400 MHz, CDCl3) δ (ppm):  2.53 (d, J = 7.4 Hz, 4H), 1.60 – 1.50 (m, 5H*), 1.39 – 
1.09 (m, 52H), 0.88 (t, J = 6.8 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm): 150.9 (d, J = 
266.8 Hz), 131.9 (d, J = 23.9 Hz), 111.3 (d, J = 10.7 Hz), 108.7 (d, J = 8.7 Hz), 32.1, 30.0 - 
29.7 (overlapping signals), 29.5, 29.5, 29.3, 28.7, 26.9, 22.9, 14.3. 19F NMR (377 MHz, 
CDCl3) δ (ppm): -123.81. Elem. Anal. calcd for C40H66Br2F2S2: C 59.39, H 8.22; found: C 
59.53, H 8.31. 
* Inconsistency in integration attributed to residual H2O in solvent  
Synthesis of Poly[2,5-bis(4-fluoro-3-hexadecyl-thiophen-2-yl)thieno[3,2-b]-thiophene] 
(PFBTTT):  
In a dry 0.5-2 mL Biotage microwave vial, 5,5’-dibromo-3,3'-difluoro-4,4'-dihexadecyl-2,2'-
bithiophene (202.9 mg, 0.2509 mmol), bis(2,5-trimethylstannyl)thieno[3:2-b]thiophene 
(116.9 mg, 0.2509 mmol), tris(dibenzylideneacetone)dipalladium(0) (4.1 mg, 2 mol%), 
tris(o-tolyl)phosphine (6.1 mg, 8 mol%), were added, and the vial capped and evacuated for 
10 min. After backfilling with argon, degassed chlorobenzene (1.2 mL) was added, and the 
solution was degassed for a further 10 min. The mixture was then heated in a microwave in 
steps as follows: 100, 120, 140, 160 °C for 2 min each, and finally 180 °C for 30 min. After 
cooling to room temperature, the dark purple gel was precipitated in methanol from 
chlorobenzene, and purified by soxhlet extraction (glass thimble), washing with methanol, 
acetone, hexane, (each overnight), chloroform (3h), and finally extracting the polymer with 
chlorobenzene. Most of the solvent was removed in vacuo, before precipitating the polymer 
into methanol and filtering (184 mg, 93%). Mn: 44 kDa, Mw: 87 kDa. 1H NMR (1,1,2,2-
tetrachloroethane-d4, 400MHz, 130 ºC) δ (ppm):  7.41 (br, 1H), 2.89 (br, 3H), 1.92 – 1.65 (br, 
4H), 1.57 – 1.31 (br, 59H), 0.96 (t, J = 6.7 Hz, 6H).1 19F NMR (1,1,2,2-tetrachloroethane-d4, 
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377MHz, 130 ºC) δ (ppm): -122.33. Elem. Anal. calcd for C46H68F2S4: C 70.53, H 9.13; 
found: C 70.05, H, 8.79. (NB 1 NMR integration is complicated by the low solubility and aggregation in 
solution, leading to broad signals). 
Synthesis of 2,5-dibromo-3-fluoro-4-tetradecylthiophene: 
Zinc chloride solution (26 mL, 2.0 M) was added to a dry 100 mL Schlenk Tube under argon. 
To the stirred solution was added tetradecylmagnesium chloride (50 mL, 1.0 M) dropwise at 
room temperature, and the resulting white precipitate was stirred for 1 h to give the 
tetradecylzinc chloride reagent (76 mL, 0.66 M). 
To a dry 20 mL Biotage microwave vial was added 2,5-bis(trimethylsilyl)-3-bromo-4-
fluorothiophene (2.94 g, 9.05 mmol) and [1,1′-
bis(diphenylphosphino)ferrocene]dichloropalladium(II) dichloromethane complex (147 mg, 
0.181 mmol), and the vial was capped, evacuated and backfilled with argon. After a further 2 
cycles of evacuation/argon backfilling, 16.0 mL of the previously prepared tetradecylzinc 
chloride solution (0.66 M) was added, and the vial was heated in a microwave reactor at 
100 °C for 1 h. After repeating the microwave procedure with 3 further batches, the reaction 
mixtures were combined and poured into water (200 mL) and extracted with hexane (3 x 300 
mL). The organic phase was dried over MgSO4 and the solvent removed in vacuo. The 
residue was passed through a plug of silica with hexane as eluent, and the solvent once again 
remove in vacuo. Excess tetradecane and unreacted starting material were distilled off, and 
the resulting oil was dissolved in chloroform (100 mL) and acetic acid (50 mL) in a 250 mL 
round-bottomed flask fitted with a reflux condenser. To the stirred solution was added 
bromine (14.2 g, 89 mmol) dropwise in the absence of light. After stirring at room 
temperature for 5 mins, the reaction mixture was heated to 80 °C for 2 h, before being 
quenched by addition of saturated Na2SO3 solution until the organic phase turned from 
orange to colourless. The reaction mixture was poured into water (200 mL) and extracted 
with chloroform (100 mL). The organic phase was washed with saturated K2CO3 solution (2 
x 50 mL), dried over MgSO4, and the solvent removed in vacuo. The residue was passed 
through a plug of silica with hexane as eluent, and after removing the solvent in vacuo the 
product was purified by column chromatography on C18-functionalised silica to yield the 
product as a colourless oil (4.97 g, 57% yield over two steps). 1H NMR (400 MHz, CDCl3) δ 
(ppm): 2.52 (t, J = 7.8 Hz, 2H), 1.61 – 1.46, (m, 2H), 1.40 – 1.17 (m, 22H), 0.88 (t, J = 6.5 
Hz, 3H). 13C NMR (100 MHz, CDCl3) δ (ppm): 153.6 (d, J = 263.7 Hz), 132.5 (d, J = 23.4 
Hz), 107.5 (d, J = 9.9 Hz), 89.5 (d, J = 23.0 Hz), 32.1, 29.9 - 29.8 (overlapping signals), 29.7, 
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29.5, 29.5, 29.2, 28.7, 27.3, 22.9, 14.3. 19F NMR (377 MHz, CDCl3) δ (ppm): -124.18. 
HRMS (EI)+ Calculated for C18H30BrFS: 454.0341; found, 454.0325. 
Synthesis of 2-bromo-3-fluoro-4-tetradecylthiophene: 
To a solution of 2,5-dibromo-3-fluoro-4-tetradecylthiophene (4.97 g, 10.9 mmol) in dry THF 
(30 mL) under argon was added isopropylmagnesium chloride lithium chloride complex 
solution (8.38 mL, 1.3 M) dropwise, and the resulting solution was stirred for 30 min, before 
adding methanol (5 mL). The reaction mixture was poured into water (200 mL), and 
extracted with hexane (2 x 100 mL). The organic phase was washed with brine (100 mL), and 
dried over MgSO4 and the solvent removed in vacuo to yield the product as a colourless oil 
(4.31 g, 94 % yield). 1H NMR (400 MHz, CDCl3) δ (ppm):  6.62 (d, J = 2.0 Hz, 1H), 2.52 (t, 
J = 7.7 Hz, 2H), 1.60 – 1.48, (m, 2H), 1.40 – 1.15 (m, 22H), 0.89 (t, J = 6.7 Hz, 3H). 13C 
NMR (100 MHz, CDCl3) δ (ppm): 155.3 (d, J = 262.4 Hz), 131.9 (d, J = 24.0 Hz), 109.0 (d, 
J = 9.8 Hz), 103.2 (d, J = 21.6 Hz), 32.1, 29.9 - 29.8 (overlapping signals), 29.7, 29.6, 29.5, 
29.3, 28.8, 26.8, 22.9, 14.3. 19F NMR (377 MHz, CDCl3) δ (ppm): -125.53. HRMS (EI)+ 
Calculated for C18H30BrFS: 376.1236; found, 376.1248. 
Synthesis of 2,5-bis(4-fluoro-3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene (FBTTT-
1): 
In a dry 250 mL round-bottomed flask fitted with a reflux condenser was added 2-bromo-3-
fluoro-4-tetradecylthiophene (1.54 g, 4.01 mmol), 2,5-bis(trimethylstannyl)thieno[3:2-
b]thiophene (0.889 g, 1.91 mmol), tris(dibenzylideneactone)dipalladium(0) (34.9 mg, 2 
mol%), tri(o-tolyl)phosphine (46.4 mg, 8 mol%), and toluene (120 mL). The flask was 
evacuated and backfilled with argon three times, and the reaction mixture refluxed overnight. 
The solvent was then removed in vacuo, and the residue purified by column chromatography 
using hexane as eluent. The purified product was then recrystallised from acetone to yield 
FBTTT-1 as a yellow powder (1.22 g, 87 %). 1H NMR (400 MHz, CDCl3) δ (ppm):  7.26 (s, 
2H), 6.66 (d, J = 1.27 Hz, 2H), 2.73 (t, J = 7.84 Hz, 4H), 1.67 – 1.56 (m, 4H), 1.42 – 1.20 (m, 
48H*), 0.87 (t, J = 6.62 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm): 156.8 (d, J = 260.3 
Hz), 139.5, 138.0 (d, J = 2.0 Hz), 130.2 (d, J = 7.6 Hz), 129.4 (d, J = 23.1 Hz), 118.1, 102.5 
(d, J = 20.8 Hz), 32.1, 30.0, 29.9 - 29.8 (overlapping signals), 29.7, 29.7, 29.5, 29.5, 26.2, 
14.3. 19F NMR (377 MHz, CDCl3) δ (ppm): -126.63. MALDI-TOF (m/z): 732. 
* Inconsistency in integration attributed to residual H2O in solvent  
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Synthesis of 2-(5-bromo-4-fluoro-3-tetradecylthiophen-2-yl)-5-(4-fluoro-3-
tetradecylthiophen-2-yl)thieno[3,2-b]thiophene (FBTTT-1-Br): 
To a solution of FBTTT-1 (1.00 g, 1.36 mmol) in chloroform (200 mL) and acetic acid (10 
mL) was added N-bromosuccinimide (0.242 g, 1.36 mmol) in the absence of light. The 
reaction mixture was stirred overnight, then poured into water (200 mL) and extracted with 
chloroform (2 x 100 mL). The organic phase was washed with 1M NaOH (2 x 50 mL), dried 
over MgSO4, and the solvent removed in vacuo. The residue purified by column 
chromatography using hexane as eluent to yield FBTTT-1-Br as a yellow solid (474 mg, 
43 %). 1H NMR (400 MHz, CDCl3) δ (ppm):  7.26 (s, 1H) 7.23 (s, 1H), 6.67 (d, J = 1.33 Hz, 
1H), 2.73 (t, J = 7.83 Hz, 4H), 1.64 – 1.55 (m, 4H), 1.40 – 1.22 (m, 44H), 0.87 (t, J = 6.62 
Hz, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm): 156.8 (d, J = 260.5 Hz), 154.9 (d, J = 261.7 
Hz), 139.8, 139.4, 138.4, 136.7, 130.1 (d, J = 7.6 Hz), 130.0 (d, J = 7.7 Hz), 129.7  (d, J = 
14.6 Hz), 129.5 (d, J = 15.8 Hz), 118.5, 118.0, 102.7 (d, J = 20.8 Hz), 90.7  (d, J = 22.3 Hz), 
32.1, 30.0, 29.9 - 29.8 (overlapping signals), 29.7, 29.7, 29.7, 29.6, 29.5 (overlapping signals) 
29.5, 26.6, 26.2, 22.9, 14.3. 19F NMR (377 MHz, CDCl3) δ (ppm): -126.57, -124.88. MALDI-
TOF (m/z): 809/811 (Br). 
Synthesis of 3,3'-difluoro-5,5'-bis[5-(4-fluoro-3-tetradecylthiophen-2-yl)thieno[3,2-
b]thiophen-2-yl]-4,4'-ditetradecyl-2,2'-bithiophene (FBTTT-2): 
In a dry 250 mL round-bottomed flask fitted with a reflux condenser was added FBTTT-1-Br 
(450 mg, 0.554 mmol), hexamethyldistannane (81.9 mg, 0.250 mmol), 
tris(dibenzylideneactone)dipalladium(0) (4.57 mg, 2 mol%), tri(o-tolyl)phosphine (6.08 mg, 
8 mol%) and toluene (100 mL). The flask was evacuated and backfilled with argon three 
times, and the reaction mixture refluxed overnight. The solvent was then removed in vacuo, 
and the residue was dissolved in the minimum amount of hot chloroform and precipitated in 
cold methanol. The orange solid was purified by column chromatography using hexane and 
chloroform as eluents to yield FBTTT-2 as a red/orange solid (100 mg, 27 %). 1H NMR 
(1,1,2,2-tetrachloroethane-d4, 400MHz, 80 ºC) δ (ppm): 7.38 (s, 2H), 7.33 (s, 2H), 6.73 (d, J 
= 1.35 Hz, 2H), 2.89 – 2.76 (m, 8H), 1.79 – 1.63 (m, 12H), 1.59 - 1.08 (m, 151H*), 1.01 – 
0.85 (m, 30H*). 13C NMR (1,1,2,2-tetrachloroethane-d4, 100MHz, 80 ºC) δ (ppm): 156.6 (d, 
J = 260.2 Hz), 152.5 (d, J = 265.1 Hz), 139.4, 138.1, 137.3, 130.0, 129.3, 129.3 (d, J = 23.1 
Hz), 129.1 (d, J = 23.2 Hz), 128.6, 128.6, 117.9, 117.9, 102.4 (d, J = 21.13 Hz), 31.7, 29.5 – 
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29.4 (overlapping signals), 29.3, 29.3, 29.2, 29.1, 26.0, 25.9, 22.4, 13.9. 19F NMR (1,1,2,2-
tetrachloroethane-d4, 377 MHz, 80 ºC) δ (ppm):  -122.17, -125.86. MALDI-TOF (m/z): 1462. 
* Inconsistency in integration attributed to residual H2O in solvent, and hexane in compound.   
Synthesis of 2-(5-bromo-3-tetradecylthiophen-2-yl)-5-(3-tetradecylthiophen-2-
yl)thieno[3,2-b]thiophene (BTTT-1-Br): 
To a solution of BTTT-1 (987 mg, 1.42 mmol) in chloroform (200 mL) and acetic acid (10 
mL) was added N-bromosuccinimide (252 mg, 1.42 mmol) in the absence of light. The 
reaction mixture was stirred overnight, then poured into water (200 mL) and extracted with 
chloroform (2 x 100 mL). The organic phase was washed with 1M NaOH (2 x 50 mL), dried 
over MgSO4, and the solvent removed in vacuo. The residue purified by column 
chromatography using hexane as eluent to yield BTTT-1-Br as a yellow solid (490 mg, 44 %). 
1H NMR (400 MHz, CDCl3) δ (ppm):  7.23 (s, 1H), 7.22 (d, J = 5.14 Hz, 1H), 7.19 (s, 1H), 
6.96 (d, J = 5.16 Hz, 1H), 6.92 (s, 1H), 2.79 (t, J = 7.85 Hz, 2H), 2.72 (t, J = 7.71 Hz, 2H), 
1.73 – 1.57 (m, 4H), 1.47 – 1.17 (m, 44H), 0.88 (t, J = 6.68 Hz, 6H). 13C NMR (100 MHz, 
CDCl3) δ (ppm): 141.0, 140.5, 139.6, 139.2, 138.3, 136.2, 132.8, 132.3, 130.7, 130.2, 124.6, 
118.6, 118.1, 111.2, 32.1, 31.0, 30.8, 29.9 - 29.8 (overlapping signals), 29.7, 29.6, 29.6, 29.5, 
29.4, 29.3, 22.9, 14.3. MALDI-TOF (m/z): 774/776 (Br). 
Synthesis of 4,4'-ditetradecyl-5,5'-bis[5-(3-tetradecylthiophen-2-yl)thieno[3,2-
b]thiophen-2-yl]-2,2'-bithiophene (BTTT-2): 
In a dry 250 mL round-bottomed flask fitted with a reflux condenser was added BTTT-1-Br 
(450 mg, 0.580 mmol), hexamethyldistannane (86.0 mg, 0.264 mmol), 
tetrakis(triphenylphosphine)palladium(0) (12.0 mg, 4 mol%) and toluene (100 mL). The flask 
was evacuated and backfilled with argon three times, and the reaction mixture refluxed 
overnight. The solvent was then removed in vacuo, and the orange solid was purified by 
column chromatography using hexane and chloroform as eluents, then recrystallised from a 
mixture of acetone, hexane and chloroform to yield BTTT-2 as red needles (136 mg, 37 %). 
1H NMR (400 MHz, CDCl3, 45 ºC) δ (ppm):  7.26 (s, 2H), 7.25 (s, 2H), 7.22 (d, J = 5.16 Hz, 
2H), 7.04, (s, 2H) 6.96 (d, J = 5.16 Hz, 2H), 2.88-2.73 (m, 8H), 1.82 – 1.50 (m, 10H*), 1.46 
– 1.17 (m, 114iH*), 0.97 – 0.80 (m, 21H*). 13C NMR (100 MHz, CDCl3, 45 ºC) δ (ppm): 
141.2, 140.6, 139.5, 139.4, 138.2, 137.5, 135.7, 131.0, 130.2, 126.9, 124.6, 118.3, 118.1, 32.1, 
30.9, 30.8, 29.9 - 29.8 (overlapping signals), 29.8, 29.7, 29.7, 29.5, 29.5, 22.8, 14.2. MALDI-
TOF (m/z): 1390. 
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* Inconsistency in integration attributed to residual H2O in solvent, and hexane in compound.   
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6.1  BACKGROUND 
End-group functionalisation of polythiophenes has been the subject of an increasing number 
of publications due to the attractiveness of having a molecular handle for self-assembly, 
surface modification, biomarking, charge transfer, and for the growth of block copolymers.1–8 
Three major end-group functionalisation techniques have been explored to date for 
polythiophene systems: externally initiated, in-situ end-capped, and post-polymerisation end-
capped. External initiation of the Grignard metathesis polymerisation of the magnesiated 3-
alkylthiophene monomer is reported to offer excellent control over the end-group 
composition.2,5,8–12 However this method does suffer from a few limitations, such as the 
requirement for the use of often air-unstable Ni(0) pre-catalysts, and careful choice of the 
corresponding aryl group used for initiator formation.11 In-situ end-capping on the other hand 
opens the door for integration of a wide variety of functional groups onto the end of 
polythiophene chains (see Scheme 6-1). This method has been popularised by many groups 
in the recent years, but typically suffers from poor control of the degree of end-
functionalisation, with mixtures of incomplete mono-, and di-functionalisation being 
commonly reported.1,4,13–15 Both externally initiated and in-situ end-capping methods 
additionally require for the protection of any functional groups that may poison the catalyst 
or be sensitive to the strongly basic conditions present during the GRIM polymerisation.5,8 
 
The third choice is post-polymerisation modification of pre-formed polythiophenes. This has 
been explored via the reactivity of the Br and H end-groups inherently formed after 
traditional GRIM polymerisations. However the scope of such reactions has so far been 
limited to transition metal-catalyzed cross-coupling reactions or quenching of metallated-
P3HT with the desired electrophile.1,6,16 
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In this work we explore the in-situ approach to singly end-cap poly(3-octylthiophene) 
(P3OT) with pentafluorobenzene (PFB), a group that is sufficiently stable towards basic 
conditions to avoid the need for protecting groups, but is nevertheless reactive enough to be 
functionalised with a range of nucleophiles post-polymerisation.  
The PFB group has received attention recently as a useful medium for fast and near 
quantitative “click” reactions, even in polymer systems, where the PFB group undergoes 
nucleophilic aromatic displacement.17–20 Thus, the advantages of in-situ end-functionalisation 
are exploited while broadening the scope for post polymerisation modification without the 
need for specific initiators, protecting groups or expensive/hazardous coupling reagents. This 
is illustrated through nucleophilic aromatic substitution on the PFB-end-capped P3OT with 
common nucleophiles such as thiols, amines, and alcohols, all under mild conditions. This 
reactivity is then used to show that functional molecules such as biomarkers, dyes, and 
surface anchor groups can easily and controllably be integrated to the polymer.  
In order to demonstrate the utility of this approach several sensitive functional groups were 
incorporated onto the polymer endgroup.  Biotin, a molecule extensively studied and used for 
its strong binding to the protein avidin, was tethered to the mono-functionalised polymer via 
a thiol linker, opening the door for further biomarkers to be investigated.21–23 The potential for 
Förster Resonance Energy Transfer (FRET) between the polythiophene and dye molecule is 
an attractive prospect, but relies heavily on the close special proximity of donor and acceptor 
moieties, as well as the appropriate spectral overlap of absorption and emission.24 Blending 
potentially leads to issues of phase segregation and self quenching, so chemically binding the 
two components is a useful approach to assure that the donor and acceptor are never too 
distant from each other, and the FRET efficiency is as high as possible. The reactivity of the 
PFB group towards alkyl thiols under very mild conditions was therefore used to attach an 
easily synthesised thiolated derivative of Coumarin 343. The resulting system, although only 
possessing slightly complimentary absorptions from the dye and P3OT components in the 
solid state, demonstrates the proof-of-concept energy transfer from the dye to the P3OT. The 
surface modification of glass to form a non-retractable P3OT thin-film was also easily 
achieved through the inclusion of the commercially available reagent (3-
mercaptopropyl)trimethoxysilane onto the PFB end-group. 
6.2  SYNTHESIS 
6.2.1 Optimisation of End-capping Procedure 
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Control over the relative composition of end-groups is a key aspect of to consider when end-
functionalising polymers, since some applications may require mono-functional end-capping, 
such as surface modification or diblock copolymer synthesis,2–4 while others may benefit 
from di-functionalised polymers.25 External initiation is typically the method of choice for the 
synthesis of mono-functional polythiophenes via GRIM polymerisation, but as previously 
stated, the formation of the initiator usually requires rigorously dry and oxygen-free 
conditions, and sterically hindered ortho positions on the aryl group to be complexed with 
nickel for the initiation.11,26 The absence of such steric hindrance typically leads to reductive 
elimination and/or disproportionation of the initiating catalyst, effectively reducing the 
degree of polymer functionalisation.2,10,11 
In order to avoid issues of excluding oxygen and moisture, and considering the small Van der 
Waals radius of the fluorine atom and therefore low steric hinderance of the ortho position in 
PFB, we decided that the most accessible way of obtaining a polythiophene 
monofunctionalised with the PFB group would be via the in-situ quenching method. Due to 
the unreliable nature of quantifying end-groups using 1H NMR for PFB group which does not 
contain any proton signals, we opted to use MALDI-TOF for the optimisation of the end-
capping conditions. This led to the need for a different alkyl-chain length than the more 
widely studied hexyl (in P3HT), since a 3-hexylthiophene repeat unit has a near identical 
exact mass to the PFB group (166.06 amu and 166.99 amu respectively). End-group analysis 
of the PFB end-capped P3HT would have required the use of deconvolution software and 
modeling, as was elegantly used by Pickel et al., an approach we deemed beyond the scope of 
this study. We therefore opted for the 3-octylthiophene repeat unit, since its difference of 28 
amu with the PFB end-group is sufficient to be satisfactorily resolved by MALDI-TOF, even 
in low resolution linear mode. 
Our initial attempt at endcapping with PFB used a slightly modified procedure to that 
outlined by Pickel et al. for their in-situ functionalisation of P3HT with a pyridyl group. In 
their report, the initial polymerisation was quenched after 15 min by the addition of a 20-fold 
excess of 2- or 3-pyridylmagnesium chloride lithium chloride complex (pyridyl-MgCl.LiCl) 
relative to the nickel catalyst. We repeated these conditions using a 20-fold excess of PFB-
MgBr, and quenched the polymerisation at room temperature 90 min after the initiator was 
added. Analysis of the resulting polymer by MALDI-TOF and 19F NMR showed a majority 
of doubly PFB-functionalised P3OT, but also significant evidence of perfluorobiphenyl 
(PFBP)-terminated P3OT, indicating successful integration of the PFB-end group, but also 
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subsequent nucleophilic aromatic displacement by residual PFB-MgBr on said end-group 
(See Scheme 6-2).  This suggested that the use of a large excess of PFB-MgBr was 
undesirable because of the propensity to undergo reaction with the PFB end-capped polymer. 
 
Scheme 6-2 – Formation of PFBP end-group as a result of excess PFB-MgBr. Double end-capped analogues 
are omitted for clarity. 
In order to understand the mechanism of these side-reactions, the effect of reaction time 
between adding the end-capper and quenching the reaction was investigated. In particular we 
were interested to see the effect of this time on the occurrence of the PFBP double end-
capped product. Therefore the reaction was monitored, this time with 0.35 equivalents of 
PFB-MgBr (7-fold excess relative to the nickel catalyst), by taking aliquots at defined time 
intervals after addition of the end-capper. After quenching, the products were analyzed by 
MALDI-TOF. Peak values and intensities were extracted using the “Peak Analyzer” function 
in Origin 8.6, and then assigned according to the masses of the possible end-group 
compositions. The most abundant number of repeat units was found to be 12 thiophenes, so 
the relative intensities of the signals corresponding to a 12-thiophene repeat-unit and its 
possible end-groups were used for assigning the composition. The evolution of the MALDI-
TOF spectrum over time is shown in Figure .  
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Figure 6-1 – Selected region of MALDI-TOF spectra of aliquots taken after 5, 15, 30, 45, 60 and 90 min from 
the in-situ endcapping reaction at room temperature. Every aliquot was taken from the reaction mixture and 
quenched in 5M HCl. 0 min aliquot is a sample taken from the reaction before the addition of PFB-MgBr. 
Indicated are the signals corresponding to the various end-groups observed of the 12-mer. All unlabelled 
peaks can be attributed to other repeat-units.  
 
Figure 6-2 – Variation in the relative end-group composition of poly(3-octylthiophene) over time after 
quenching the GRIM polymerisation with 0.35 equivalents of PFB-MgBr at room temperature, as calculated 
from the MALDI-TOF spectra in Figure 6-1.  
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The results illustrate that before addition of the end-capping reagent, P3OT is composed of 
>80% Br/H termination, the remainder being H/H and Br/Br termination. The generally 
agreed mechanism of the GRIM polymerisation predicts Br/H termination.27 However, other 
groups have reported the presence of H/H and Br/Br end-group combinations. The H/H end-
capped product has been suggested to be a direct result of residual Grignard from the 
monomer initiation,28 and the Br/Br product has been proposed to be due to chain-chain 
coupling or disproportionation upon methanol quenching.4,14,15,28,29 Whilst the H/H product 
may indeed be explained by incomplete monomer activation in our case (monomer activation 
time was typically only 30 minutes), methanol-induced chain-chain coupling can be excluded 
since the reaction mixtures were systematically quenched with 5M aqueous HCl, a method 
that has been shown to suppress chain-chain coupling.28,30 Furthermore, the proportion of 
Br/Br terminated P3OT remains fairly constant even after addition of PFB-MgBr, as does 
H/H terminated P3OT. The Br/H analog on the other hand is nearly immediately reduced to 
<40%, with the PFB-containing end-group combinations reaching ca. 40% incorporation 
after 5 minutes. We note that combinations of P3OT that were mono-, di-, and 
unfunctionalised with PFB are all present, as was observed by other groups with different 
quenching reagents.4,13–15,31  
Interestingly, a substantial increase in the proportion of PFB/PFB di-functionalised product 
over time was observed, with its initial composition after 5 minutes being around 5%, and 
climbing to nearly 30% after 90 minutes. Although such an increase in difunctionalisation of 
P3HT was also observed by Pickel et al. in the case of 2- and 3-pyridyl-MgCl.LiCl 
quenching, the effect was less pronounced over the same timescale (40 to 53% and 12 to 31% 
respectively).4 Also observed was an increase in the proportion of H/PFB terminated P3OT, 
while the Br/H proportion drastically decays until the 60 minute mark, where it appears to 
approach a minimum around 10% composition. In the case of the pyridyl functionalisation, 
residual nickel catalyst having diffused away from the chain end after termination was 
postulated to result in the consumption of any Br-terminated ends through traditional 
Kumada coupling with remaining pyridyl-MgCl.LiCl.4 The proposed reaction mechanism of 
this endcapping procedure as would be expected for PFB-MgBr is shown in Scheme 6-3.  
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Scheme 6-3 – Proposed pathways to the major products containing PFB end-groups.  
Also of interest is presence of the undesired H/PFBP (i.e the apparent reaction of a PFB 
endcapped polymer with further Grignard reagent) product from the first 5 minutes, and its 
gradual increase over time. If we consider that the conversion of Br/H over time results in 
PFB/H (or H/PFB), we would expect a greater increase in the proportion of H/PFB than was 
observed. This could be explained by the subsequent reaction of H/PFB with excess PFB-
MgBr to form H/PFBP. Indeed, if the rate of the Br/H to H/PFB conversion is similar to that 
of H/PFB to H/PFBP, the resulting steady-state would lead to a constant concentration of 
H/PFB. What is perhaps more surprising is the lack of other PFBP containing end-group 
components. While the lack of Br/PFBP can perhaps be explained by the low concentration 
of Br/PFB as well as its conversion into PFB/PFB, PFB/PFBP was could not be observed due 
to signal overlap with Br/PFB. However, considering the low intensity of the signal 
corresponding to Br/PFB, we can reasonably assume that the amount of PFB/PFBP produced 
was also minimal.  
In order to suppress the formation of PFBP byproducts and the process of di-endcapping, we 
repeated the reaction at 0 °C whilst again monitoring by MALDI using the same 
methodology (See Figure 6-3). The results, presented in Figure 6-4 how a similar behaviour 
to the reaction at room temperature over the initial 5 minutes, with the proportion of H/H and 
Br/Br terminated P3OT remaining constant, and ca. 35% of Br/H being converted to PFB-
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containing terminations. However, unlike the room temperature reaction, the composition of 
each component at 0 °C remains constant throughout the time period tested. Furthermore, the 
formation of PFBP end-groups is completely suppressed, and the formation of the di-
endcapped PFB/PFB P3OT product is reduced to ca. 5%, and remains constant. This 
substantial reduction in difunctionalised polymer compared to room temperature quenching 
differs from the results of Pickel and coworkers (with para-Tol-MgCl end-capper), where 
reduced temperature only led to a minimal decrease of doubly end-capped product, from 79 
to 61%.14 These results indicate that the formation of the desired single end-capping process 
is rapidly completed (<5 min) even at lower temperatures, but also that excess PFB-MgBr 
relative to the catalyst loading may still lead to low amounts of PFB/PFB.  
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Figure 6-3 – Selected region of MALDI-TOF spectra of aliquots taken after 5, 15, 30, 45, 60 and 82 min from 
the in-situ endcapping reaction at 0 °C. Every aliquot was taken from the reaction mixture and quenched in 
5M HCl. 0 min aliquot is a sample taken from the reaction before the addition of PFB-MgBr. Indicated are 
the signals corresponding to the various end-groups observed of the 12-mer.  
 
Figure 6-4 – Variation in the relative end-group composition of poly(3-octylthiophene) over time after 
quenching the GRIM polymerisation with 0.35 equivalents of PFB-MgBr at 0 °C. 
Another approach was also investigated in order to reduce di-functionalisation, namely 
reducing the equivalents of PFB-MgBr used to terminate the polymerisation. Reducing this to 
just twice the catalyst loading (i.e. to 0.1 equivalents) led to a consistent level of 70% mono 
PFB integration, and no difunctionalised product. Further reduction in the amount of PFB-
MgBr led to a decrease in singly PFB-functionalised products.  
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Optimal conditions for the synthesis of mono-PFB end-capped P3OT were thus found to be 
when 0.1 equivalents of PFB-MgBr (2-fold excess relative to the catalyst) is added at 0 ºC to 
the polymerisation, and the reaction is then quenched with 2M HCl solution after 10 min. 
This consistently leads to ca. 70% singly PFB end-capped polymer chains, with no signs of 
undesired side reactions such as double PFB end-capping and formation of PFBP end-groups. 
Table 6-1 – Summary of PFB integration and influence of reaction conditions. 
Initiator PFB-MgBr 
(Eq.)a 
Temperature Time Between PFB 
addition and 
reaction quench 
Approx. Mono-
PFB 
Approx. Di-PFB Presence 
of PFBP 
Ni(dppp)Cl2 1.00 RT 30 min >25% >70% Yes 
Ni(dppp)Cl2 0.35 RT See Figure 6-2 See Figure 6-2 See Figure 6-2 Yes 
Ni(dppp)Cl2 0.35 0 °C See Figure 6-4 See Figure 6-4 See Figure 6-4 No 
Ni(dppp)Cl2 0.10 0 °C 10 min >75% 0% No 
Ni(dppp)Cl2 0.05 0 °C 10 min <45% 0% No 
aEquivalents of PFB-MgBr relative to 2,5-dibromo-3-octylthiophene. 
6.2.2 Nucleophilic Substitution on PFB End-group 
With the mono-functionalised PFB polymer procedure established, the substitution of 
fluorine atoms on the PFB moiety with common nucleophiles was investigated. The 
nucleophilic aromatic substitution (SNAr) reaction in such a system is usually fast,17–19 owing 
to the electrophilic nature of the electron poor carbon atoms on the benzene ring (resulting 
from the inductively withdrawing nature of fluorine atoms) and the strongly polarised C-F 
bond. The result is a rapid acceleration of the initial rate-determining attack of the 
nucleophile on the aromatic ring.32 Dipolar aprotic solvents such as DMF and DMSO are 
typically used for nucleophilic aromatic substitutions, and result in fast reaction and 
quantitative yields for single substitution. However, the low solubility of P3OT in such 
solvents necessitates the use of less polar THF in the current case, and thus potentially limits 
the rate and extent of substitution.  
In the case of a singly substituted perfluorobenzene, nucleophilic attack usually occurs at the 
para-position, with some substituents leading to ortho-substitution.33 In the case of P3OT-
PFB, extensive delocalisation of the intermediate negative charge throughout the polymer 
backbone is possible, likely leading to further stabilisation and therefore preference for the 
para-positions.  
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Scheme 6-4 – Nucleophilic aromatic substitution at the least hindered para position, with negatively charged 
intermediate being stabilised by delocalisation into P3OT. Elimination of F- is strongly favoured due to the 
rearomatisation, as well as the steric repulsion between Nu and F substituents. 
Regioselectivity was immediately apparent in the first nucleophilic aromatic displacement 
attempted on P3OT-PFB with excess decanethiol in THF for 12h at 70 °C in the presence of 
K2CO3. Indeed, two double doublets at -134.28 ppm and -138.48 ppm in the 19F NMR 
attested for the exclusive para-selectivity, indicating not only that nucleophilic attack on the 
typically favoured ortho-position is hindered by the alkylated thiophene in the ipso-position 
but that further nucleophilic displacements on the PFB ring is also disfavoured.  
 
Figure 6-5 – Selected region of 19F NMR of Br-P3OT-PFB-S-C10H21 resulting from the reaction of Br-P3OT-
PFB with excess decane thiol overnight at 70 ºC. The two signals are assigned to the ortho and meta fluorine 
atoms remaining on the benzene endcapper. Inset – Selected region of 1H NMR showing the methylene region 
of the P3OT (ca. 2.8 ppm) and of the PFB-S-C10H21 end-group. 
This reactivity is particularly useful in these reactions where stoichiometry is difficult to 
control due to the lack of defined end-groups, as it ensures exclusively single substitution 
even with large excess of nucleophile. This reactivity was maintained for p-thiocresol and n-
octylamine, although the latter required longer reaction times unless DMF was added. While 
thioalkyl nucleophiles react at room temperature, as is evident from Coumarin343-SH (room 
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temperature was used to avoid decomposition of the dye), p-thiocresol showed no substituted 
product after 24h in similar conditions.  
Unlike the alkyl counterpart, the aniline-based nucleophile attempted (3,5-dimethylaniline) 
also failed to substitute any of the fluorine atoms, likely due to the lower basicity of anilines 
compared to alkylamines. Interestingly, while pentanol did not lead to substituted product 
with K2CO3 as a base, even after the addition of DMF, changing the base to KOH produced a 
majority of the disubstituted P3OT-PFB under the standard reaction conditions, with the 
second alkoxy group being directed to the meta-position relative to the first alkoxy group (as 
determined by three 19F NMR signals: δ (ppm) -139.98 (dd, J = 9, 23 Hz, 1F), -150.38 (d, J = 
9 Hz, 1F), -158.25 (d, J = 22 Hz, 1F)). Wiehe et al. recently reported analogous reactivity of 
pendant PFB groups on porphyrin moieties, finding that using KOH as a base was key in 
obtaining high yields.34  
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Table 6-2 – Scope of nucleophilic aromatic substitution on P3OT-PFB with a range of nucleophiles.a  
Nucleophile Solvent Base Temperature Time (h) Conversionb 
 THF K2CO3 70 ºC 12 Full 
 
THF K2CO3 RT 24 None 
 
THF K2CO3 70 ºC 12 Full 
 THF K2CO3 70 ºC 48 Full 
 THF:DMF 
(4:1) 
K2CO3 70 ºC 12 Full 
 
THF K2CO3 70 ºC 48 None 
 
THF:DMF 
(4:1) 
K2CO3 70 ºC 48 None 
 THF K2CO3 70 ºC 48 None 
 THF:DMF 
(4:1) 
K2CO3 70 ºC 48 None 
 THF KOH 70 ºC 12 Full (disub.) 
 
THF K2CO3 70 ºC 12 Full 
 
THFc K2CO3 70 ºC 12 Full 
 
THF K2CO3 RT 48 Full 
a  Reaction conditions: 0.02 μM scale (relative to PFB group), 10 eq. nucleophile, 15 eq. base in a sealed 
pressure resistant MW vial  
b  Conversion as evident from MALDI-TOF and 19F NMR 
c Anhydrous conditions 
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6.3  FUNCTIONAL SUBSTITUTION 
The Biotin-Avidin complex is one of the most widely studied biological system for uses in 
sensors and targeted therapy, in part due to their very high binding affinity.23,35 Surface 
modification, fluorescent and luminescent sensing, as well as in-situ sensing through bilayer 
organic field effect transistor devices have also used the Biotin-Avidin system.22,35–39 The 
biotin moiety has also been previously tethered to polythiophene backbones via side-chain 
functionalisation.40–42  
As a proof of concept for the tethering of biomolecules to P3OT using the PFB molecular 
handle, we synthesised a previously reported biotinylated thiol derivative and reacted it with 
P3OT-PFB under the same conditions as other typical thiol nucleophiles.21 Despite the low 
solubility of Biotin-SH in organic solvents, the reaction proceeded to completion within 12 
hours, albeit with a substantial detrimental effect on the solubility of the polymer. Sufficient 
solubility in CDCl3 was obtained for 1H NMR analysis only after the addition of DMSO-d6 as 
a co-solvent. 19F NMR confirmed the para-substitution on the PFB group, and signals 
corresponding to the biotinylated-P3OT were observed by MALDI-TOF, despite being 
difficult to ionise in the matrix used (terthiophene). This reaction clearly demonstrates the 
value of the PFB group in reacting with nucleophile-derivatised biomolecules, and therefore 
biofunctionalisation without the need for multiple added steps in monomer synthesis, or 
expensive coupling reagents. 
Modifying surfaces and interfaces with charge transporting and/or light absorbing materials is 
a major motivating factor for end-capping. P3HT has been extensively used for this purpose, 
with examples ranging from SiO2, TiO2, ZnO, carbon nanotubes, as well as a range of 
quantum dots.1 Different approaches have been explored to achieve this, including initiation 
of the GRIM polymerisation from the surface,12 tethering an end-functionalised P3HT to a 
self-assembled monolayer-treated surface via “click” reaction,43 or end-functionalisation of 
P3HT with a common anchoring group such as pyridyl, siloxane, phosphonate or thiol.2–4 
In order to demonstrate the versatility of the PFB group for integrating functional groups, we 
reacted P3OT-PFB with 3-mercaptopropyl(trimethoxysilane) (3-MPTS) under the typical 
nucleophilic displacement conditions. The trimethoxysilane group is very sensitive to 
hydrolysis in the presence of water, particularly in the presence of acid catalyst. The resulting 
hydroxysilane is known to chemically bind to hydroxlyated surfaces like silicon dioxide. As 
such various functionalised trimethoxysilanes are used commercially as adhesion promoters. 
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However the incorporation of trialkoxysilanes in conjugated polymer systems is rare, 
probably due to the incompatibility of the trialkoxysilane functional group with typical 
polymerisation conditions. Gratifingly complete integration of 3-MPTS was observed under 
mild conditions. The resulting functionalised P3OT could easily be used to functionalise 
glass substrates by spincoating followed by annealing at 140 ºC for 90 minutes. The resulting 
films were only partially retractable, with slides treated with Piranha solution prior to 
spincoating retaining up to 20% of the P3OT film after washing with chloroform (see Figure 
6-6). A possible explanation is that chemical reaction is only possible between one end-group 
and the glass, and polymer chains in the bulk of the thin film away from the glass interface 
are therefore unable to bind and is simply washed away. A control experiment with PFB-
endcapped P3OT under the same conditions showed no observable polymer retention. 
Further optimisation of the glass functionalisation procedure is required, but the fact that only 
a single end of the polymer is tethered to the glass is an attractive prospect for engineering of 
interfaces in organic electronic devices. 
 
Figure 6-6 – Influence of substrate cleaning on the degree of film retention of 3-MPTS-functionalised P3OT-
PFB after rinsing with chloroform. Piranha treatment of the glass slides improves the degree of surface 
modification with P3OT 
With the thiolated Coumarin343 successfully tethered to the PFB endgroup of the P3OT, the 
optical absorption and photoluminescence was measured to explore potential energy transfer 
mechanisms. In dilute THF solution (see Figure 6-7), the unfunctionalised polymer (P3OT-
PFB) and the dye (Coumarin343-SH) exhibit featureless absorption profiles, with a λmax of 440 
and 428 nm respectively. Although much narrower (FWHM: 47 nm), the absorption 
spectrum of dye overlaps entirely with that of P3OT-PFB (FWHM: 112 nm). As a result, the 
functionalised polymer (P3OT-PFB-S-Coumarin343) exhibits an intermediate absorption 
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profile, with a narrower spectrum than the unfunctionalised polymer (FWHM: 103 nm) and a 
λmax close to that of the dye at 433nm. 
 
 
Figure 6-7 – Solution UV-vis absorption (left) of P3OT-PFB (16 μg/mL in THF), P3OT-PFB-S-Coumarin343 
(16 μg/mL in THF), and Coumarin343 (7.8 μg/mL in THF). Thin-film absorption spectra (right) obtained by 
recording specular transmission (T) and reflection (R), from two constituent samples, P3OT-PFB and 9 wt.% 
Coumarin343-SH in polystyrene, and the combined system P3OT-PFB-S-Coumarin343. For reference, a sum of 
the spectra for P3OT-PFB and Coumarin343-SH is also included.  
  
400 450 500 550 600
0.0
0.1
0.2
0.3
A
bs
or
pt
io
n 
(a
.u
.)
Wavelength (nm)
P3OT-PFB-S-Coumarin343
P3OT-PFB
Coumarin343-SH
400 600 800
0
20
40
60
1-
T-
R
 (%
)
Wavelength (nm)
P3OT-PFB-S-Coumarin343
P3OT-PFB
Coumarin343-SH (9% in PS)
SUM
In-situ End-capping with Pentafluorobenzene as a Molecular Handle for Functionalisation 
- 209 - 
 
Figure 6-8 – Streak camera photoluminescence spectra (a and b) and temporal photoluminescence (c and d) 
measurements of P3OT-PFB (red) and P3OT-PFB-S-Coumarin343 (black) in THF solutions, as a function of 
pump wavelength. Laser pulse is plotted in dashed grey lines (c and d). 
The solution photoluminescence (PL) spectra from the functionalised polymer (P3OT-PFB-
S-Coumarin343) was found to be independent of whether the excitation wavelength is within 
the absorption range of the dye (405 nm) or not (465 nm).  Indeed, compared to the PL 
spectra from the P3OT-PFB solution (see Figure 6-8), both traces are virtually identical, 
suggesting emission is from the P3OT backbone.  The recorded temporal PL response (see 
Figure 6-8) was found to be well described by a single exponential, regardless of pump 
wavelength. A very slight difference (~10%) in extracted lifetime was noted depending on 
the pump wavelength, ranging from 0.36-0.40 ns with longer lifetimes typically recorded for 
a 465 nm pump wavelength. The similar values for the lifetimes further support the view that 
all solution emission originates from the P3OT backbone. 
Thin-film absorption of both polymers, along with the Coumarin343 dye were obtained by 
recording specular transmission (T) and reflection (R) of films spin cast on fused silica from 
THF (5 mg/mL) (see Figure 6-7). In order to better represent the dispersion of the 
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Coumarin343 moiety within a polymer and thus avoid self-aggregation effects, Coumarin343-
SH was cast from a solution containing polystyrene of similar molecular weight to P3OT-
PFB-S-Coumarin343 (ca. 2800 Da). The relative amounts of dye and polystyrene were 
calculated from 1H NMR integration, and were found to be approximately 9 wt.% dye 
relative to the polymer.  
Compared to the solution absorption spectra, the thin-film absorption of P3OT-PFB red-shifts 
to give a broad absorption with a λmax of 509 nm and signs of vibronic coupling (see Figure 
6-7). This behaviour, typical of regioregular polythiophenes,44–47 is also observed in the case 
of P3OT-PFB-S-Coumarin343, which in addition exhibits a high-energy shoulder at 426 nm, 
spectrally coincident with the absorption of the pendant dye. The sum of P3OT-PFB and 
Coumarin343-SH absorption spectra shows that the high-energy shoulder in P3OT-PFB-S-
Coumarin343 can be attributed to the additional absorption by the dye moiety.   
 
Figure 6-9 – Streak camera photoluminescence spectra (a and b) and temporal photoluminescence (c and d) 
measurements of P3OT-PFB (red) and P3OT-PFB-S-Coumarin343 (black) dropcast from THF solutions, as a 
function of pump wavelength. Films were dropcast in order to obtain thick films necessary for sufficient 
signal intensity. Laser pulse is plotted in dashed grey lines (c and d). 
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Despite these differences in the absorption, the solid-state PL spectra of the two polymers are 
very similar (see Figure 6-9). Very subtle differences in the vibronic structure is observed, 
and may indicate slight differences in solid-state order incurred by the bulky dye moiety.44,46 
Nevertheless, the position of the peaks observed in the PL are consistent with regioregular 
P3AT derivatives with linear sidechains such as P3HT and P3OT.47,48 The similarities in the 
PL spectra are maintained regardless of the pump wavelength, and crucially no emission 
from the dye is detected at low energy (550 nm), where the emission from Coumarin343-SH is 
typically observed (see Figure 6-10).  
 
Figure 6-10 – Streak camera photoluminescence spectra (left) and temporal photoluminescence (right) 
measurements of 9 wt.% Coumarin343-SH in polystyrene spin cast from THF solutions, as a function of pump 
wavelength. 
Unlike in solution however, time-dependent PL measurements (See Figure 6-9) show that 
P3OT-PFB-S-Coumarin343 has a small but non-negligible shortening in the lifetime of the 
excited state when compared to P3OT-PFB (from 0.27 to 0.22 ns at 405 nm pump 
wavelength, and 0.37 to 0.28 ns at 465 nm). From these results we tentatively deduce that 
some degree of energy transfer to the P3OT backbone is occurring when the dye is optically 
excited.49 Due to the complete overlap of absorption profiles of the P3OT-PFB and the 
Coumarin343 dye, the exact nature of this energy transfer cannot be ascertained. While 
emission is spectrally consistent with the P3OT, in this regard it is tempting to assign this as 
the ‘Acceptor’ or ‘Guest’ in the usual nomenclature.50,51 However when the absorption 
profiles are considered, the assignment is not immediately obvious. Nevertheless, considering 
that the lifetime of the excited state of Coumarin343-SH (ca. 4 ns) is an order of magnitude 
higher than that of the polymers (ca 0.2 ns), it appears reasonable to assume that radiative 
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energy transfer is a minor component, and non-radiative energy transfer mechanisms such as 
Förster resonance energy transfer (FRET) are likely to be at play.52 
6.4  CONCLUSIONS 
Through careful optimisation of reaction conditions, P3OT was successfully singly end-
capped with a PFB group via an in situ quenching of the GRIM polymerisation. Temperature 
was found to significantly influence the distribution of terminal groups of the resulting P3OT, 
as was the relative amount of PFB-MgBr added to quench the reaction.  Optimal single end-
capping was found to occur at 0 ºC, with a 2:1 molar ratio of PFB-MgBr to initial nickel 
catalyst. 
The resulting polymer was reacted in quantitative yields with a range of nucleophiles 
including thiols, amines and alcohols under mild conditions. This opened the door for a 
proof-of-concept incorporation of three functional moieties. Biotin, a common biomarker 
used in a variety of biosensing applications, was easily tethered to the P3OT-PFB polymer 
after thiolation. P3OT-PFB could also be functionalised with 3-MPTS, a commercially 
available siloxane. Spin coating the resulting polymer on glass substrates followed by 
annealing afforded a partially retractable film, with up to 20% retention of the P3OT polymer 
when the glass substrate was treated with piranha solution prior to spin coating. Finally, a 
thiol-functionalised dye, Coumarin343-SH, was incorporated into the polymer through the 
pseudo “click” substitution of the PFB group. Despite the absorption profiles of the dye and 
the polymer being only marginally complimentary, signs of non-radiative energy transfer 
were observed by temporal photoluminescence measurements. 
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6.6  EXPERIMENTAL 
Reagents and chemicals were purchase from commercial sources such as Sigma-Aldrich, 
Acros, Strem etc. unless otherwise stated. All reactions were carried out under argon using 
anhydrous solvents and reagents as commercially supplied, unless otherwise stated. Thiolated 
biotin derivative (Biotin-SH) was synthesised as previously reported.21 1H, 19F, and 13C NMR 
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spectra were recorded on a Bruker AV-400 (400 MHz) instrument, using the residual solvent 
resonance of CDCl3 or DMSO-d6 as reference, and values are indicated in ppm.  
MALDI-TOF measurements were performed with a Waters MALDI Micro MX spectrometer 
in reflectron mode (linear for the PFB end-capping optimisation) on a stainless steel plate. 1 
μL of a solution of terthiophene in dissolved in chloroform (20 mg/mL) was deposited on the 
sample target area, and once dry, 1 μL of a solution of the sample in chloroform (0.016 
mg/mL) was deposited on the same target area. Once dry, the sample was immediately 
measured using ca. 75% laser intensity, and the target area was scanned to find >5 spectra 
with an optimal signal-to-noise ratio. The resulting spectra obtained were averaged, smoothed, 
and baseline subtracted using the built in functions from the Masslynx software. Each 
spectrum was then normalised against the peak signal attributed to a polymer/endcapper 
combination. The Peak Analyzer function in Origin 8.6 was then used to extract peak values 
and corresponding masses. Peaks attributed to all termination possibilities of the most 
abundant repeat unit were then extracted from the data, and spectra were normalised 
according to the intensities of the H/H terminated product to obtain the relative end-capping 
composition.  
UV-vis spectra were recorded on a Shimadzu UV-1800 spectrometer, with solution UV-vis 
measured in chloroform at a concentration of 0.016 mg/mL, and thin films were spin coated 
on fused silica slides at 2000 rpm from a 5 mg/mL solution. Prior to spin coating, glass slides 
were washed by successive sonication for 10 minutes in a 10:1 water/Decon 90 mixture, 
distilled water, acetone, and isopropanol, before being stored in fresh isopropanol. Slides to 
be treated with Piranha solution for the surface modification were then dried in an oven at 
140 ºC for 10 minutes, before being immersed in a freshly prepared Piranha solution (4:1 
conc. H2SO4/H2O2 (30% aq.)) for 30 minutes. The slides were then used immediately after 
being rinsed with distilled water.  
The transient photoluminescence characteristics are measured under ambient conditions at 
room temperature using a streak camera. Samples are excited by a picosecond light pulser 
controlled diode laser (Hamamatsu PLP-10). The emission is guided into a monochromator 
(Chromex 250is) and finally measured by streak scope (Hamamatsu C4334-01). Excitation 
and emission are synchronised by a delay generator (Hamamatsu C4792-01) controlled and 
calibrated via PC software. In a single measurement, signal is displayed in matrix form 640 
channels (wavelength) by 480 channels (time), which records 290 𝑛𝑚 wavelength range and a 
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user-defined acquisition time range (from 1 𝑛𝑠 to 1 𝑚𝑠). The setup has a 6 𝑛𝑚 spectral 
resolution, while temporal resolution depends on the acquisition time range. The minimum 
laser FWHM obtained is 0.1 𝑛𝑠 in 1 𝑛𝑠 time range. The laser pulse frequency is fixed at 
1MHz, and the streak scope always operates at 10Hz for photon counting. We take the sum 
of the counts of thousands of exposures (pulses) to achieve an ideal statistical average. 
Data Processing  
· PL spectrum and decay  PL spectrum can be extracted by integrating across time channels, 
while transient decay by integrating across wavelength channels.  
· Lifetime extraction  
Streak camera measures photon intensity, which is proportional to excited state density. 
Theoretically, the temporal data from streak camera should fit a theoretical decay function in 
a normalised form, in case an ideal infinite short excitation is presented. Our pulsed laser 
pump source, however, does have a finite excitation function, which makes the collected 
emission a convolution of the laser pulse and the decay function  
   (1)  
where 𝑔(𝑡) is the laser Gaussian function and𝑓(𝑡) is the decay function depending on material. 
By fitting the convolution curve to the measured temporal curve, we can then extract an 
accurate lifetime, which should be relatively independent to the laser pulse width.  
For polymers which have a single decay route, typically first excited state to ground state, we 
normally observe a single exponential decay which means a fixed lifetime.  
Substituting into Equation (1)  
   (2)  
  (3)  
Given any lifetime guess, we can use Equation (3) to fit the transient decay from the 
measurement. Constrained least square approach is used to find the optimised minimum.  
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   (4)  
 
Synthesis of Coumarin343-SH: 
Ethylcarbodiimide.hydrochloride (0.403 g, 2.11 mmol) was added to a solution of coumarin 
343 (0.500 g, 1.75 mmol) and N-hydroxysuccinimide (NHS) (0.302 g, 2.63 mmol) in DCM 
(50 mL) and stirred at room temperature for 24 h. The solvent was evaporated and the solid 
washed with EtOH/AcOH/water (95:1:4 v:v:v). (Intermediate product confirmed by 1H NMR 
(400 MHz, CDCl3) δ (ppm): 8.46 (s, 1H), 6.95 (s, 1H), 3.42 – 3.34 (m, 4H), 2.92 – 2.84 (m, 
6H), 2.80 – 2.72 (m, 2H), 2.03 – 1.92 (m, 4H).) After drying, the NHS-ester of coumarin 
(0.603 g, 1.58 mmol) was added to a mixture of cysteamine hydrochloride (0.179, 1.58 
mmol) and N-methylmorpholine (NMM) (0.351 g, 3.47 mmol) in DMF/water (6:1, v:v, 40 
mL). The reaction mixture was stirred for 24 h before DL-dithiothreitol (0.487 g, 3.15 mmol) 
was added and the reaction stirred for a further 20 h. The reaction mixture was then diluted 
with DCM (100 mL) and washed with water (3 x 50 mL). The solvent was then removed in 
vacuo and the crude product purified by column chromatography using ethyl acetate/hexane 
(8:2, v:v) as eluent to afford Coumarin343-SH as a yellow solid (0.200 g, 33% over two steps). 
1H NMR (400 MHz, CDCl3) δ (ppm): 9.14 (br t, J = 5.8 Hz, 1H), 8.59 (s, 1H), 7.01 (s, 1H), 
3.68 – 3.59 (m, 2H), 3.37 – 3.28 (m, 4H), 2.92 – 2.84 (m, 2H), 2.81 – 2.71 (m, 4H), 2.03 – 
1.92 (m, 4H), 1.46 (t, J = 8.5 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ (ppm): 163.8, 163.0, 
152.7, 148.2, 148.1, 127.0, 119.7, 108.6, 108.2, 105.6, 50.2, 49.8, 42.8, 27.5, 24.5, 21.1, 20.2, 
20.1. MS(ES+): m/z = 345.1 [M+H] 
Typical procedure for the synthesis of P3OT-PFB: 
In a dry 20 mL vial with a stirrer bar, 2,5-dibromo-3-octylthiophene (602 mg, 1.70 mmol) 
was dissolved in dry THF (15.7 mL), and to the stirred solution was added 
isopropylmagnesium chloride lithium chloride complex solution (1.26 mL, 1.3 M solution in 
THF) dropwise. After 30 minutes, the resulting activated monomer solution was transferred 
via syringe to another dry 20 mL vial with a stirrer bar charged with dichloro[1,3-
bis(diphenylphosphino)propane]nickel (46 mg, 0.085 mmol), and the resulting crimson 
solution was stirred at room temperature for 90 minutes. The solution was then cooled to 
0 °C in an ice bath before adding pentafluorophenylmagnesium bromide (0.34 mL, 0.5 M 
solution in THF) dropwise. After further stirring for 10 minutes at 0 °C, the reaction was 
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quenched with aqueous HCl (1.00 mL, 5 M), stirred for 5 minutes, and precipitated into 
methanol. The precipitate was filtered through a Soxhlet thimble, and purified by Soxhlet 
extraction, washing successively with methanol and acetone, and finally extracting with 
chloroform. The chloroform was removed in vacuo, and the resulting polymer reprecipitated 
from hot chloroform into methanol, filtered, and dried under vacuum (180 mg, 54%). 1H 
NMR (400 MHz, CDCl3) δ (ppm): 6.98 (br s, 1H), 2.94 – 2.51 (m, 2H), 1.80 – 1.61 (m, 2H), 
1.49 – 1.18 (m, 10H), 0.97 – 0.82 (m, 3H). 19F NMR (377 MHz, CDCl3) δ (ppm): -137.83 (dd, 
J = 23.4, 8.1 Hz), -153.49 (t, J = 21.0 Hz), -161.30 – -162.29 (m). 
 
Figure 6-11 – MALDI-TOF spectrum (left) of P3OT-PFB in reflectron mode using terthiophene matrix. 
Selected region of the spectrum (right) showing the three different end-group combinations observed for the 
most abundant chain length (10-mer). 
Typical procedure for nucleophilic aromatic displacement on P3OT-PFB: 
In a 0.5 – 2 mL vial with a stirrer bar, P3OT-PFB (Mn approx. 2000 Da as indicated by 
MALDI-TOF) (20 mg, 0.010 mmol), and THF (0.5 mL) were added, and the solution gently 
heated and stirred until all the polymer had visibly dissolved, after which the nucleophile (10 
eq., 0.1 mmol) and K2CO3 (21 mg, 0.150 mmol) were added. The vial was then sealed, and 
heated to 70 °C for 12 hours. A sample was taken from the reaction mixture and analyzed by 
MALDI-TOF to follow the consumption of PFB-containing polymer chains. The reaction 
was precipitated into methanol once all PFB-end groups were consumed. For less soluble 
nucleophiles (Biotin-SH and Coumarin343-SH), the resulting precipitate was washed with 
methanol and acetone by Soxhlet extraction. 
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Through the fluorination of well-studied benchmark polymers such as P3HT and PBTTT, it 
has been possible to shed some light on some of the fundamental impacts backbone 
fluorination has on the optoelectronic properties of conjugated polymers, as well as on their 
solid state properties. Through these studies, we have confirmed that despite combining 
inductively withdrawing and mesomerically donating behaviour, the fluorine atom has a 
stabilising influence on the frontier molecular orbitals of the π-conjugated systems studied. 
This is in agreement with numerous recent reports in the literature regarding other systems, 
particularly more complex donor-acceptor polymers.  
More importantly, through the exploring the thermal behaviour and a variety of spectroscopic 
techniques, in conjunction with computational calculations, we have been able to determine 
that the fluorination of the polythiophene backbone leads to significant planarisation of the 
thiophene-thiophene links, and rigidifies the π-system. In the case of P3AT derivatives with 
linear sidechains (P3HT and P3OT), the consequence of this is a drastically increased 
propensity for aggregation, even with partial fluorination. Perhaps the clearest indication of 
this is in the melting point temperatures, which increase by 50-60 ºC from the P3AT to F-
P3AT. PBTTT, despite already being designed to have minimal backbone twists through the 
use of tail-to-tail alkylated bithiophene units and thienothiophene spacers, can further be 
planarised and made more rigid by fluorination.  
In the case of P3EHT, where the branched sidechain twists the backbone and hinders π-
stacking, fluorination counteracts the twisting and leads to significant intrachain coupling as 
observed in the thin film UV-vis. In addition to the Raman spectroscopy results obtained for 
the linear polythiophene derivatives, which demonstrate greater backbone rigidity when 
fluorinated, this suggests a significant intramolecular fluorine effect. The nature of this 
intramolecular effect is as of yet unclear, and may arise from the mesomeric contribution of 
the fluorine atoms to the π-system, promoting the planar quinoidal form of polythiophene. 
Another explanation, supported by DFT calculations, is a non-bonding, electrostatic 
interaction between the fluorine atom and the sulfur atoms on an adjacent thiophene ring. 
Support for this electrostatic argument was found experimentally in the form of 
intramolecular close contact distances between S and F atoms in the single crystal structure 
of the alkylated head-to-head difluorobithiophene. Further work on the fluorination of 
analogous polyfurans may provide a clearer picture regarding the origins of the planarisation, 
since the unambiguously high electron content of the oxygen atom would rule out an 
electrostatic non-bonding interaction. 
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Figure 7-1 – Nonbonding interaction rationalised by an electrostatic argument is possible with fluorinated 
thiophene (left), but would disappear in the fluorinated furan (right) 
Although short-range order is clearly increased in the case of fluorinated derivatives of the 
polythiophenes studied, no increases in long-range order and crystallinity are observed (as 
probed by X-ray scattering methods). However, little attention was paid to the influence of 
fluorination on the degree of crystallinity upon annealing. It would be of interest to study the 
impact of increased backbone rigidity on the ability of the polymer to reorganise and form 
crystallites with long-range order. The findings that backbone fluorination substantially 
increases hole carrier mobilities without a clear increase in crystallinity would benefit from a 
deeper understanding of the effects of annealing. F-P3EHT is of particular interest for further 
studies, since its reversible crystallisation behaviour, despite having a branched sidechain 
indicates strong intermolecular interactions, but GIWAXS results do not suggest any signs of 
long-range order. This is in stark contrast to P3EHT, which exhibits a well-ordered 3D 
crystal packing motif, albeit without π-stacking.  
Partial and full fluorination of the P3AT motif also proved to have an appreciable effect on 
the dielectric constant of the corresponding thin-films. The immediate implications regarding 
device application are unclear as of yet. However, many research groups believe that OPV 
performance can be greatly enhanced through an increased dielectric constant of the active 
layer. Since the low solubility of F-P3OT and corresponding copolymers renders device 
fabrication with these matierals difficult, future work should focus on the synthesis of more 
soluble analogues, perhaps with the use of branched alkyl sidechains, and investigating 
possible correlations between fluorination, dielectric constant, and device performance. 
In addition to polymer characterisation and exploring 
structure-property relationships, the development of a time-
efficient and easy synthesis of the fluorinated monomers is a 
key achievement. Considering the ever-increasing number of 
fluorinated organic semiconductors being published and the 
difficulties in synthesising fluorinated aromatic compounds, 
S TMS
BrF
TMS
Figure 7-2 – 3-fluorothiophene 
building block. 
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optimisation of the synthesis of the key 3-fluorinated thiophene derivative means it can serve 
as useful building block. 
Functional usage of fluorination in conjugated polymers was also explored, through the 
synthesis of a pentafluorobenzene endcapped P3OT. Through careful optimisation of the 
reaction conditions, an approach was developed which affords near-exclusive mono 
endcapping, and avoids attack of the PFB-MgBr reagent onto itself. Exploring this synthetic 
route shed light on some of the uncertainties that exist regarding the exact mechanism of the 
GRIM polymerisation, and further research should be performed in order to better understand 
the endcapping procedure. 
Facile nucleophilic aromatic substitution on the PFB endcapper was then explored as a 
method of incorporating functional moieties for uses such as surface modification, biosensing 
and energy transfer. These proof of concept experiments open the door for the incorporation 
of more useful functional biomarkers, and dyes with more efficient and complimentary 
spectral overlap. Further experiments of surface modification would be useful to carry out, 
such as on ZnO or TiO2 nanoparticles which are often used as transparent electrode materials. 
Most importantly, the scope of the PFB end-capper, and to some extent the endcapping 
procedure, should be explored in the context of other polymers that are likely better 
performing than P3OT in many applications. Achieving a reliable PFB endcapping of high-
performance polymers such as donor-acceptor polymers would be of particular interest. 
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1H NMR spectrum of P3HT in CDCl3 at RT. 
 
1H NMR spectrum of P3OT in CDCl3 at RT. 
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1H NMR spectrum of P3EHT in CDCl3 at RT. 
 
1H NMR spectrum of F-P3HT in d2-1,1,2,2-tetrachloroethane at 130 °C. 
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1H NMR spectrum of F-P3OT in d2-1,1,2,2-tetrachloroethane at 130 °C. 
 
19F NMR spectrum of F-P3OT in d2-1,1,2,2-tetrachloroethane at 130 °C. 
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1H NMR spectrum of F-P3EHT in d2-1,1,2,2-tetrachloroethane at 130 °C. 
 
19F NMR spectrum of F-P3EHT in d2-1,1,2,2-tetrachloroethane at 130 °C. 
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1H NMR spectrum of P3OT-b-F-P3OT 2:1 in d2-1,1,2,2-tetrachloroethane at 130 °C.
19F NMR spectrum of P3OT-b-F-P3OT 2:1 in d2-1,1,2,2-tetrachloroethane at 130 °C.
012345678
f1 (ppm)
5.
77
19
.6
0
4.
12
4.
00
1.
29
2.
43
1.
36
0.
95
0.
96
0.
96
0.
98
0.
98
0.
99
1.
38
1.
39
1.
40
1.
41
1.
42
1.
42
1.
52
1.
78
1.
80
2.
80
2.
82
2.
84
2.
87
2.
89
2.
91
7.
05
-160-150-140-130-120-110-100-90
f1 (ppm)
-1
22
.9
4
P3OT-b-F-P3OT 2:1 
P3OT-b-F-P3OT 2:1 
Appendix 
- 230 - 
1H NMR spectrum of P3OT-b-F-P3OT 1:4 in d2-1,1,2,2-tetrachloroethane at 130 °C.
 
19F NMR spectrum of P3OT-b-F-P3OT 1:4 in d2-1,1,2,2-tetrachloroethane at 130 °C.
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1H NMR spectrum of P3OT-alt-F-P3OT in d2-1,1,2,2-tetrachloroethane at 130 °C.
 19F NMR spectrum of P3OT-alt-F-P3OT in d2-1,1,2,2-tetrachloroethane at 130 °C. 
0123456789
f1 (ppm)
5.
64
20
.3
6
3.
92
4.
00
1.
07
7.
11
-135-130-125-120-115-110
f1 (ppm)
-1
22
.5
9
P3OT-alt-F-P3OT  
P3OT-alt-F-P3OT  
Appendix 
- 232 - 
1H NMR spectrum of P3OT-b-F-P3OT 1:1 in d2-1,1,2,2-tetrachloroethane at 130 °C.
 
19F NMR spectrum of P3OT-b-F-P3OT 1:1 in d2-1,1,2,2-tetrachloroethane at 130 °C. 
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1H NMR spectrum of PFBTTT in d2-1,1,2,2-tetrachloroethane at 130 °C. 
19F NMR spectrum of PFBTTT in d2-1,1,2,2-tetrachloroethane at 130 °C. 
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1H NMR spectrum of FBTTT-1 in CDCl3 at RT. 
 
13C NMR spectrum of FBTTT-1 in CDCl3 at RT. 
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19F NMR spectrum of FBTTT-1 in CDCl3 at RT. 
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1H NMR spectrum of FBTTT-2 in d2-1,1,2,2-tetrachloroethane at 80 ºC. 
 
13C NMR spectrum of FBTTT-2 in d2-1,1,2,2-tetrachloroethane at 80 ºC. 
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19F NMR spectrum of FBTTT-2 in d2-1,1,2,2-tetrachloroethane at 80 ºC. 
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1H NMR of Br-P3OT-PFB in CDCl3 at RT.
 
19F NMR of Br-P3OT-PFB in CDCl3 at RT. 
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1H NMR of Br-P3OT-3MPTS in CDCl3 at RT. 
19F NMR of Br-P3OT-PFB-3MPTS in CDCl3 at RT. 
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1H NMR of Br-P3OT-Biotin in CDCl3 and d6-DMSO  (2:1) at RT.
 
19F NMR of Br-P3OT-Biotin in CDCl3 and d6-DMSO  (2:1) at RT.
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1H NMR of Br-P3OT-PFB-Coumarin343 in CDCl3 at RT.
 
19F NMR of Br-P3OT-PFB-Coumarin343 in CDCl3 at RT. 
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